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ABSTRACT OF DISSERTATION

Noncontact Multiscale Diffuse Optical Imaging of Deep Tissue Hemodynamics in
Animals and Humans
Blood flow (BF) impacts the delivery of oxygen and nutrients to tissues and the
removal of metabolic byproducts from tissues. Imaging of BF distributions helps
characterize many diseases associated with tissue hypoxia/ischemia. The purpose of this
study was to develop and validate a novel, noninvasive, noncontact, high-density camerabased speckle contrast diffuse correlation tomography (scDCT) device for use in both
animal and human studies. The scDCT uses a galvo-mirror to remotely deliver the focused
point near-infrared light to source positions and a sensitive 2D camera to quantify spatial
diffuse speckle fluctuations, resulting from the movement of red blood cells in deep tissue
(i.e., BF). The scDCT provides many advanced unique features over other competitive
technologies, which may impact basic neuroscience research and clinical applications.
These features include a fully noncontact system, quick data acquisition, adjustable sourcedetector patterns/density, flexible field of view, and cost-effective instrument. One
remaining limitation in the scDCT prototype is the assumption of a semi-infinite tissue
volume with a flat surface (i.e., slab). This assumption affects image reconstruction
accuracy for tissues with irregular geometries. A photometric stereo technique (PST) was
integrated into the scDCT system to acquire subject-specific tissue surface geometry for
image reconstruction. Innovative use of one single camera for both PST and scDCT data
collections obviated the need for complex alignment of sources and detectors on the tissue
boundary. The performance of the integrated scDCT system was evaluated using computer
simulations and by imaging BF variations in human forearms during artery cuff occlusion
on upper arms. The clinical safety and feasibility were demonstrated by intraoperative
imaging of BF distributions in mastectomy skin flaps. Eleven (11) patients undergoing
mastectomy and breast reconstruction were imaged by a fluorescence angiography system
(SPY-PHI, Novadaq) after the injection of indocyanine green (ICG). Because the ischemic
areas have irregular shapes, an innovative contour-based algorithm was used to compare
3D images of blood flow and 2D maps of ICG perfusion. Significant correlations were
observed between the two measurements around the ischemic areas, suggesting that scDCT
provides vital information for intraoperative assessment of mastectomy skin flaps.
Compared to SPY-PHI, our scDCT is fully noninvasive (dye-free), time-independent, and
provides both 2D and 3D images of BF distributions. Furthermore, scDCT system was
downscaled and optimized for 2D/3D imaging of cerebral blood flow (CBF) distributions
in small rats through intact scalp and skull. The scDCT was used to continuously image
global CBF increases during 10% CO2 inhalations (n = 9) and regional CBF decreases
across two hemispheres during sequential ipsilateral and bilateral common carotid artery
ligations (n = 8). The longitudinal imaging capability was demonstrated over a recovery
period of 14 days after an acute stroke. These pilot studies demonstrate the capability of
the innovative scDCT for imaging of BF distributions in tissues/organs with different sizes
and irregular geometries. After further optimization and validation in large populations, the

scDCT is expected to provide vital information for the diagnosis and management of
vulnerable, ischemic, and hypoxic tissues.
KEYWORDS: Diffuse Optical Imaging, Speckle Contrast Diffuse Correlation
Tomography, Blood Flow Distribution, Tissue Surface Geometry,
Mastectomy Skin Flap Necrosis, Cerebral Blood Flow.
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CHAPTER 1. INTRODUCTION
1.1

Study Background, Motivation, and Goal
Blood flow delivers nutrients and oxygenation to tissues and clears the metabolic

by-products from tissues. Therefore, maintaining the homeostasis of blood flow is critical
for tissue function. Imaging of blood flow distributions provides vital information for
diagnostic and therapeutic monitoring of many vascular and cellular diseases that are often
associated with tissue ischemia (e.g., cancer, stroke, head trauma, and peripheral arterial
disease)1. In order to monitor diseases affecting deep tissue volumes (e.g., brains), it is
important to assess tissue blood flow distributions in a 3D manner. Moreover, noncontact
measurements are essential to investigate vulnerable and fragile tissues/organs, such as
burn tissues, wounds, reconstructive tissue flaps, and preterm brains.
Approximately, 12% of women develop invasive breast cancer in the United
States2. Many of these women with breast cancer are treated with mastectomy followed
by breast reconstruction. One of the most common complications following mastectomy
and breast reconstruction is mastectomy skin flap necrosis (MSFN). MSFN occurs due to
insufficient blood flow/perfusion to meet the metabolic need in the skin flap3. A
technology that can measure blood flow distributions during surgery can assist the surgeon
to remove the ischemic tissues and prevent MSFN.
An estimated 15 million children are born prematurely worldwide each year4.
While new intervention methods are being developed to reduce the mortality and incidence
of severe neurodevelopmental impairments, there are no reliable methods for continuous
monitoring of cerebral blood flow (CBF) to assess the degree of cerebral injury or the
effectiveness of interventions in neonatal intensive care units (NICUs)5, 6.

A number of techniques have been developed for blood flow measurements,
including large imaging technologies (e.g., magnetic resonance imaging (MRI), positron
emission tomography (PET), computerized tomography (CT)), acoustic-based imaging
modalities, and optical-based systems7-9. However, each technique has challenging issues
that decrease its usefulness in the clinics (see detailed reviews in Chapter 1.2). The goal
of this study is to develop and validate an innovative, noninvasive, noncontact, multiscale
optical imaging device, namely speckle contrast diffuse correlation tomography (scDCT),
which can be used at the bedside for high-density 2D/3D imaging of blood flow
distributions in animals and humans.

1.2

Existing Noninvasive Imaging Technologies for Blood Flow Assessment
There are a few noninvasive (or minimal-invasive) imaging tools available for

blood flow assessments including nuclear medicine, X-ray imaging, magnetic resonance
imaging (MRI), ultrasound techniques, and optical methods10. Large imaging systems
enabling measurements of microvascular blood flow/perfusion distributions include
arterial-spin-labeled magnetic resonance imaging (ASL-MRI)11, PET12,

13

, xenon-

enhanced computed tomography (XeCT)14, perfusion computed tomography (PCT)15, and
single-photon emission computed tomography (SPECT)16. These systems are bulky and
expensive, and cannot be used in the surgical room or at the bedside for continuous and
longitudinal monitoring9, 10, 17, 18. Furthermore, most of these techniques (e.g., PET, XeCT,
PCT, SPECT) exposure patients with radiation risk9, 19.
Doppler ultrasound imaging is based on the assessment of the doppler shift caused
by blood scattered movement for imaging the blood velocity20. Ultrasound enables
2

noninvasive measurement of blood flow velocity in large vessels via Doppler effects21, or
assessment of microvascular blood flow with the injection of contrast agents22. Blood flow
in large vessels, however, may not be consistent with the blood flow in the
microvasculature.
Optical imaging techniques based on dynamic light scattering offer noninvasive,
fast, continuous, inexpensive, and portable means for blood flow measurements in tissue
microvasculature. Examples of these optical imaging techniques include laser speckle
contrast

imaging

(LSCI)23,

24

and

near-infrared

(NIR)

diffuse

correlation

spectroscopy/tomography (DCS/DCT)25-32. Operating in a noncontact manner, LSCI uses
wide-field coherent illumination and charge-coupled-device (CCD) to detect spatial or
temporal fluctuations of laser speckle contrasts, which enables rapid high-resolution 2D
imaging of blood flow distribution on the superficial tissue with a depth less than 1 mm23,
24, 33, 34

. In contrast, DCS/DCT uses point-source coherent illuminations and discrete

avalanche photodiodes (APDs) to detect temporal fluctuations of laser speckle contrasts
for spectroscopic/tomographic (3D) measurements of blood flow variations in deep tissue
volumes (up to ~15 mm depth)25-32.
Traditional DCS/DCT systems use fiber-optic probes in contact with the tissue
surface for blood flow measurements. We have innovatively developed a noncontact
DCS/DCT (ncDCS/ncDCT) system for the measurement/imaging of blood flow
distributions in deep tissue volumes 35, 36. The advantage of noncontact measurements using
our unique lens-focusing technique makes the ncDCS/ncDCT particularly suitable for
monitoring incisions and open tissues with no risk for contact infection. Also, by not
requiring an intravenous injection like other methods (e.g., fluorescence angiography), the
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risk of an allergic reaction is avoided. While effective, ncDCS/ncDCT employs a limited
number of expensive long-coherence lasers and APDs (SPCM-AQR-12, PerkinElmer) for
blood flow detection, leading to poor temporal-spatial resolution and high cost and large
dimensions of the instrument.
There have been recent advancements towards using point illumination and CCD
detection of spatial diffuse speckle contrasts to facilitate rapid measurements of blood flow
variations in relatively large and deep tissue volumes. These advanced techniques include
diffuse speckle contrast analysis (DSCA)37-39, speckle contrast optical tomography
(SCOT)17, 18, and scDCT. DSCA uses optical fibers to deliver laser light and guide the
detection of the camera sensor, thus enables contact and spectroscopic (not tomographic)
measurements of tissue blood flow with fiber-optic probes 40-43. Transmission-based SCOT
extends the concept with an analytical semi-infinite approximation for 3D image
reconstruction of flow distributions in tissue-simulating phantoms44. However,
transmission measurements are not always practical for in vivo studies (e.g., imaging entire
rat heads) due to the limitation of penetration depth. Our group has developed a novel
noncontact reflectance-based scDCT technique (US Patent #9861319, 2016-2036) for 3D
imaging of blood flow distributions in relatively large/deep tissue volumes with arbitrary
boundaries45-47.

1.3

Innovative Speckle Contrast Diffuse Correlation Tomography (scDCT)
We have recently developed a novel noncontact CCD-based scDCT system48-50,

which combines the benefits of fast and high-resolution CCD detection with the unique
finite-element-method (FEM) based DCT reconstruction technique51-53, allowing for 3D
4

imaging of blood flow distributions in relatively deep tissues (up to ~10 mm). What
distinguishes the CCD detection in scDCT48-50 from the APD detection in DCS/DCT35, 36,
51-55

is the transition from measurements of slower temporal fluctuations (hundreds of

milliseconds) to faster spatial fluctuations (a few milliseconds) of laser speckles, allowing
for much higher temporal resolution. Furthermore, hundreds of 2D-array detectors
provided by the CCD camera dramatically increase the sampling density and make the
scDCT device more portable and less expensive than DCS/DCT. Compared to the LSCI
with a wide-field illumination, our scDCT48-50 use focused-point NIR illumination for deep
tissue penetration.
The scDCT system has been tested for 3D imaging of flow distributions in tissuesimulating phantoms and in-vivo tissues50, 56, 57. Results demonstrate that scDCT enables a
fast and high-density 3D flow imaging of deep tissue volumes over an adjustable region of
interest (ROI). While effective, the sDCT prototype may be improved for better
performance and accuracy. One constraint is the assumption of a semi-infinite tissue with
flat surface, which may affect the accuracy of image reconstruction for tissues with
irregular geometries. Also, scDCT has not been strictly validated against gold standards.
Moreover, scDCT needs to be optimized to adapt for imaging of different
organs/tissues/subjects (e.g., animals and humans). This thesis presents my efforts to
address these challenges/constrains.

1.4

Thesis Organization
This dissertation consists of five chapters. Chapter 1 introduces briefly the study

background, motivation, and goal. More details are presented in the following 3 chapters
5

(Chapters 2-4), which have been published in or submitted to peer-reviewed scientific
journals.
Chapter 2 presents a modified scDCT system to assess blood flow distributions in
mastectomy skin flaps with arbitrary geometries. An advance photometric stereo technique
(PST) was implemented into the scDCT to obtain the tissue surface geometry. The PST
uses multiple 2D images obtained from the same CCD camera for scDCT perspective with
different illuminations provided by multiple light-emitting diodes (LEDs). These images
are then integrated to generate a 3D surface geometry based on the PST principle58-60.
Computer simulations demonstrates that priori knowledge of tissue surface geometry is
crucial for precisely reconstructing the anomaly with blood flow contrast. Importantly, the
innovative integration design with one single camera for both PST and scDCT data
collection obviates the need for offline alignment of sources and detectors on the tissue
boundary. The in vivo imaging capability of the updated scDCT is demonstrated by
imaging dynamic changes in forearm blood flow distribution during a cuff-occlusion
procedure. The feasibility and safety in clinical use are evidenced by intraoperative
imaging of a mastectomy skin flap and comparing with the fluorescence angiography.
Chapter 3 is to compare intraoperative imaging results in mastectomy skin flaps
acquired by two imaging modalities: dye-free scDCT and dye-based commercial
fluorescence angiography (SPY-PHI, Novadaq). Eleven (11) patients were imaged by the
two technologies and resulting images were co-registered based on the ischemic areas.
Because the ischemic areas have irregular shapes, an innovative contour-based algorithm
was used to compare 3D images of blood flow and 2D maps of ICG perfusion. Significant
correlations were observed between the two measurements around the ischemic areas,
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suggesting that scDCT provides vital information for intraoperative assessment of
mastectomy skin flaps. With further optimization and validation, scDCT is expected to be
ultimately used as an inexpensive and portable imaging tool to identify ischemic tissues
for the management of skin flap viability to prevent MSFN.
Chapter 4 describes a modified scDCT system for 3D imaging of CBF
distributions in rodents. The scDCT system was downscaled and adapted for noninvasive
imaging of CBF distributions in rats through the intact scalp and skull. Algorithms for 2D
mapping and 3D image reconstruction of CBF distributions were developed and optimized.
The continuous imaging capability of the system was shown by imaging of the global CBF
increases during CO2 inhalations, and the regional CBF decreases across two hemispheres
during sequential unilateral and bilateral common carotid artery ligations. The longitudinal
imaging capability was demonstrated by imaging CBF variations over a long recovery
period of 14 days after an acute stroke. Compared to the 2D mapping method, the 3D
imaging method quantifies CBF distributions more accurately but needs more computation
time for image reconstruction. Results from this study generally agree with those reported
in literature using similar protocols to induce CBF changes in rats. The scDCT enables a
relatively large penetration depth (up to ~10 mm), which is sufficient for transcranial brain
measurements in small animals and human neonates. Ultimately, we expect to provide a
noninvasive noncontact cerebral imager for basic neuroscience researches in small animal
models and clinical applications in human neonates.
Chapter 5 summarizes my contributions to the thesis work, study limitations, and
pointed out future directions.
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CHAPTER 2. NONCONTACT SPECKLE CONTRAST DIFFUSE CORRELATION
TOMOGRAPHY (SCDCT) OF BLOOD FLOW DISTRIBUTIONS IN TISSUES WITH
ARBITRARY GEOMETRIES
This chapter is presented based on a published paper: S. Mazdeyasna, C. Huang,
M. Zhao, N. B. Agochukwu, A. Bahrani, L. Wong, G. Yu, “Noncontact Speckle Contrast
Diffuse Correlation Tomography of Blood Flow Distributions in Tissues with Arbitrary
Geometries”, Journal of Biomedical Optics, 23(9), 096005 (2018).
2.1

Introduction

Blood flow at the microcirculatory level is responsible for the deliver oxygen and
nutrients to tissue and the removal of metabolic by-products. Measurement of tissue blood
flow provides crucial information for both the diagnosis and therapeutic monitoring of
many vascular/cellular diseases including stroke, head trauma, and peripheral arterial
disease 61. These diseases are usually associated with regional tissue ischemia and hypoxia;
thus imaging of tissue blood flow distribution may have a role in the further delineation of
these disease states. 3D imaging ability is of importance for the monitoring of diseases
affecting deep tissue volumes. Noncontact imaging devices are needed for investigating
the blood flow status of vulnerable tissues such as burned tissues, wounds, and
reconstructive tissue flaps.
There are currently very few noninvasive (or minimal-invasive) imaging tools
available for blood flow assessments including nuclear medicine, X-ray imaging, magnetic
resonance imaging (MRI), ultrasound techniques, and optical methods

10

. In contrast to

these large imaging modalities (i.e., nuclear medicine, X-ray imaging, and MRI) and the
ultrasound measurement of blood flow velocity in large vessels, optical imaging techniques
based on dynamic light scattering offer noninvasive, fast, continuous, inexpensive, and
portable means for blood flow measurements in tissue microvasculature. Examples of these
optical imaging techniques include laser speckle contrast imaging (LSCI)
infrared (NIR) diffuse correlation spectroscopy/tomography (DCS/DCT)
8

23, 24
25-32

and near-

. Operating

in a noncontact manner, LSCI uses wide-field coherent illumination and charge-coupleddevice (CCD) to detect spatial or temporal fluctuations of laser speckle contrasts, which
enables rapid high-resolution 2D imaging of blood flow distribution on the superficial
tissue with a depth less than 1 mm

23, 24, 33, 34

. In contrast, DCS/DCT uses point-source

coherent illuminations and discrete avalanche photodiodes (APDs) to detect temporal
fluctuations of laser speckle contrasts for spectroscopic/tomographic (3D) measurements
of blood flow variations in deep tissue volumes (up to ~15 mm depth) 25-32.
Traditional DCS/DCT systems use fiber-optic probes in contact with the tissue
surface for blood flow measurements. We have innovatively developed a noncontact
DCS/DCT (ncDCS/ncDCT) system for the measurement/imaging of blood flow
distributions in deep tissue volumes 35, 36. The advantage of noncontact measurements using
our unique lens-focusing technique makes the ncDCS/ncDCT particularly suitable for
monitoring incisions and open tissues with no risk for contact infection. Also, by not
requiring an intravenous injection like other methods (e.g., fluorescence angiography), the
risk of an allergic reaction is avoided. While effective, ncDCS/ncDCT employs a limited
number of expensive long-coherence lasers and APDs (SPCM-AQR-12, PerkinElmer) for
blood flow detection, leading to poor temporal-spatial resolution and high cost and large
dimensions of the instrument.
To overcome these limitations, we have recently developed a novel noncontact
CCD-based speckle contrast DCT (scDCT) system

48-50

, which combines the benefits of

fast and high-resolution CCD detection with the unique finite-element-method (FEM)
based DCT reconstruction technique

51-53

, allowing for 3D imaging of blood flow

distributions in relatively deep tissues (up to ~10 mm). What distinguishes the CCD
detection in scDCT

48-50

from the APD detection in DCS/DCT

35, 36, 51-55

is the transition

from measurements of slower temporal fluctuations (hundreds of milliseconds) to faster
spatial fluctuations (a few milliseconds) of laser speckles, allowing for much higher
temporal resolution. Furthermore, hundreds of 2D-array detectors provided by the CCD
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camera dramatically increase the sampling density and make the scDCT device more
portable and less expensive than DCS/DCT. The scDCT system has been tested for 3D
imaging of flow distributions in tissue-simulating phantoms, human forearms, and
mastectomy skin flaps

50, 56, 57

. Results demonstrate that scDCT enables a fast and high-

density 3D flow imaging of deep tissue volumes over an adjustable region of interest (ROI).
One major remaining constraint is the assumption of a semi-infinite tissue with flat surface,
which may affect the accuracy of image reconstruction for tissues with irregular
geometries. In addition, the irregular tissue geometry may result in the defocusing of
sources and detectors, leading to source-detector (S-D) distance errors. In our ncDCT
technique, we have previously used a commercial 3D photogrammetric scanner to obtain
tissue surface geometry 51-53. While effective, this method requires the scanning of tissue
surface and the offline S-D alignment and registration on the tissue surface for image
reconstruction. Both procedures are time consuming, which constrains the utility of ncDCT
in the clinic. Also, co-registration of two image systems (i.e., ncDCT and photogrammetric
scanner) is not trivial 51.
In the present study, we explored using one single CCD camera to obtain both tissue
surface geometry and boundary flow data. An advanced 3D photometric stereo technique
(PST) was adapted to obtain the surface geometry in real time. PST was originally
introduced to evaluate the surface orientation from multiple images taken at the same
viewpoint under different illumination directions 62. PST was recently explored as a fast
and inexpensive tool for face recognition at the security check

58

. We innovatively

integrated the PST into our scDCT system via attaching 4 LEDs to the CCD camera used
for the scDCT data collection. Four 2D images obtained from the camera perspective with
four different illuminations by the LEDs were used to reconstruct the surface geometry. A
tetrahedral volume mesh based on the obtained tissue surface geometry was then generated
for 3D reconstruction of blood flow distributions using scDCT technique 51-53. To evaluate
the performance of the integrated scDCT system, computer simulations were first
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conducted to characterize the influence of surface geometry in the reconstruction of blood
flow distributions. The modified scDCT system was then tested to image forearm blood
flow distributions in response to a cuff-occlusion on the upper arm. Finally, the scDCT
instrument was moved to the surgical room for intraoperative imaging of mastectomy skin
flaps. This paper reports the first imaging system using a single CCD camera to obtain both
tissue surface geometry and boundary blood flow distribution, which obviates the need for
offline complex alignment of sources and detectors on tissue boundary and improves the
accuracy of blood flow image reconstruction.
2.2

Methods and Materials

2.2.1 Noncontact scDCT System

Figure 2.1 shows the schematic diagram of scDCT device. Briefly, a long
coherence laser (785 nm, CrystaLaser) was used as a point source. A galvo mirror was used
to remotely deliver coherent point light to source positions for sequencing of tomographic
data acquisition. An electron multiplying CCD (EMCCD, Cascade 1K, Photometrics)
camera was used to measure spatial diffuse speckle contrasts on the tissue boundary in a
selected ROI. A graphical interface (LabVIEW) was created to control the galvo mirror
and send triggers to the EMCCD for acquiring images sequentially at multiple source
positions.
A high performance long-pass filter (>750 nm, #84-761, EdmundOptics) with the
optical density (OD) larger than 4.0 was used in our scDCT to minimize the influence of
ambient light. The percentage transmission of visible light through this long-pass filter is
below 10-4. Moreover, light in the operation room was dimed when taking both
fluorescence angiography and scDCT data. A pair of polarizers (LPNIRE050-B and
LPNIRE200-B) was added crossing the source and detection paths to reduce the source
11

reflection directly from the tissue surface. An achromatic lens (AC127-019-B, Thorlabs,
NJ) was installed in the source path behind the galvo mirror to ensure the focused point
source light at the tissue surface. A zoom lens (Zoom 7000, Navitar) was used to adjust the
ROI. The scDCT probe was fixed on a 180º rotating holder for easy adjustment and
alignment.

Figure 2-1: The schematic of the scDCT system for 3D imaging of tissue blood flow
distribution.
A galvo mirror is used to deliver the point light to different positions. Multiple pixelwindows/detectors are used to detect spatial speckle contrasts at different locations. The
coherent point-source light (e.g., S1) diffuses through a “banana-shape” photon pathway
inside a deep tissue volume and reaches to the detectors (e.g., D1 and D2). A long-pass
filter (>750 nm) and a pair of polarizers is used to reduce the influence of ambient light
and the light reflected directly from the source. A zoom lens is connected to the EMCCD
camera for adjusting the size of ROI.
The movement of red blood cells (RBCs) in the measured tissue volume (“bananashape”) produced spatial fluctuations of laser speckles on the tissue surface, which were
12

captured by the EMCCD camera with a typical exposure time of 5 ms. For data analysis,
the spatial speckle contrast (K) is quantified over a selected window of 7×7 pixels on the
camera by simply calculating the intensity ratio of standard deviation (σ) to mean (μ) over
these 49 pixels; i.e., K = σ/μ. These boundary data 𝐾𝐾𝑆𝑆−𝐷𝐷 (𝒓𝒓) calculated from multiple
sources (e.g., S1, S2…) and multiple pixel-windows/detectors (e.g., D1, D2…) are input

into a FEM-based program (i.e., modified NIRFAST) for 3D reconstruction of blood flow
distributions in the measured tissue volumes 50, 56, 57.
2.2.2 Modified Noncontact scDCT System Integrated with PST

The scDCT system was modified to capture the surface geometry information via
PST using the same EMCCD camera. Figure 2.2a shows the design for PST using 4
neutral-white LEDs (SP-05-N4, Luxeon Star LEDs) installed on 4 holding arms, fabricated
by a 3D printer. The 2D images were sequentially obtained by initiating LEDs to flash
successively with a short camera exposure (<1 second in total for flashing 4 LEDs). This
procedure provided four separate target images, each with shading determined by a
different lighting vector.
Figure 2.2b shows the PST pipeline for reconstructing the breast surface geometry
in a patient undergoing a mastectomy. The surface normal map (i.e., the direction of the
line extending to the centroid) is calculated using the following equation 58, 59:
[𝐼𝐼1 , 𝐼𝐼2 , 𝐼𝐼3 , 𝐼𝐼4 ]𝑇𝑇 = 𝜆𝜆𝜆𝜆. [𝐿𝐿1 , 𝐿𝐿2 , 𝐿𝐿3 , 𝐿𝐿4 ]𝑇𝑇

(2.1)

Where Ln is the known location for nth light source (n = 1, 2, 3, 4), i.e., the
coordination of each LED. Here, In is the intensity of image pixels corresponding to that
LED location, and λ is the albedo at the location and N is the normal surface unit. The
height map is assessed using the gradient of the normal surface for the adjacent pixels.
Finally, a 3D surface geometry is created based on the height map in the selected field of
view (FOV).
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Figure 2-2: The upgraded scDCT system that integrates an advanced PST into the
scDCT prototype.
(a) Imaging setup with the upgraded scDCT system. (b) PST pipeline for reconstructing
the tissue surface geometry. The illumination directions are indicated with red circles on
original images.

2.2.3 Data Acquisition and Image Reconstruction

Figure 2.3 shows the flowchart for data sequencing and flow image reconstruction.
A FOV was first selected via adjusting the zoom lens of the EMCCD camera to cover the
desired ROI. A user-friendly LabVIEW program (National Instruments) was designed to
sequentially obtain four 2D images with different LED illuminations for PST. The software
then controlled the galvo mirror and sent triggers to the EMCCD for acquiring scDCT
images sequentially at multiple source positions. These implementations are shown in the
red boxes of Figure 2.3.
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Figure 2-3: The flowchart for data sequencing, processing, and flow image
reconstruction using the upgraded scDCT.
The boxes with different colors represent different functions: Red: scDCT data acquisition
using LabView; Green: tissue surface geometry reconstruction using PST; Blue: flow
image reconstruction using a customized MATLAB program; Purple: result illustration
using ParaView.

For PST data processing, the four raw images taken with different LED
illuminations were resized from 1004 × 1002 pixels to 100 × 100 pixels via a bicubic
interpolation (weighted average of pixels in the nearest 4 × 4 neighborhood) as
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preprocessing to reduce the time for PST analysis from several minutes to less than 2
seconds. The normal map was then determined, which is the direction of the line extending
to the centroid. The 3D surface geometry was reconstructed using the normal map. These
implementations are displayed in the green boxes of Figure 2.3. The surface geometry
reconstructed by the PST was used to generate a tetrahedral mesh.
For scDCT data processing, smear correction algorithm was applied on raw images
as a preprocessing for the EMCCD camera

50

. For FEM-based image reconstructions,

source and detector positions must be projected on the mesh surface. In our previous study,
point sources were assumed to be evenly distributed on the mesh surface 63, which might
not be true if the target tissue had an irregular geometry. To precisely assess the location
of each source, the intensity image with each source illumination was first converted to a
simple indexed image. This was done by scaling the dynamic range and then rounding an
intensity image to generate an equivalent indexed image (e.g., 16-bit integer to an indexed
image with 16 indices). A morphological filter was then applied to the indexed image for
removing thin protrusions and isolated areas to reduce artifacts 64. The central position of
the source was finally determined by extracting pixels with regional maximum intensities
on the indexed image. This process was performed on all raw images to determine all
source locations. Detectors were then distributed evenly between the sources to cover the
selected ROI.
For flow image reconstruction, boundary 𝐾𝐾𝑆𝑆−𝐷𝐷 (𝒓𝒓) at the effective S-D pairs with

S-D distances ranging from 7 to 19 mm were calculated 65, 66. Dark and shot noises were
then removed when calculating the boundary speckle contrasts 50, 66. To improve the signalto-noise ratio (SNR), the speckle contrasts were averaged over 3 × 3 detector windows and
across 2 frames. Boundary 𝐵𝐵𝐵𝐵𝐵𝐵(𝒓𝒓) were then extracted by iteratively minimizing the
difference between the measured and theoretical 𝐾𝐾𝑆𝑆−𝐷𝐷 (𝒓𝒓). Finally, the normalized

boundary 𝐵𝐵𝐵𝐵𝐵𝐵(𝒓𝒓) data (normalized to baseline before cuff-occlusion or normalized to the
mean BFI value for mastectomy imaging) along with the tetrahedral mesh were inserted
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into the modified NIRFAST program, developed previously for expedient FEM-based
scDCT tomographic reconstructions 31. The above processing sequences are shown in the
blue boxes of Figure 2.3. All data processing shown in the blue and green boxes of Figure
2.3 were performed by a customized MATLAB program. The reconstructed flow images
were saved as a visualization toolkit (VTK) format and ParaView (Kitware) was used for
visualization, shown in the purple box of Figure 2.3.
2.2.4 Computer Simulations to Evaluate the Influence of Surface Geometry in Flow
Reconstruction

Computer simulations were conducted to evaluate the influence of irregular surface
geometry on the reconstructed flow distributions (Figure 2.4). The surface geometry used
for the simulations was obtained by the PST from the breast of a patient immediately after
mastectomy (Figure 2.2b). A solid volume mesh with the bottom area of 100 × 100 mm2
and varied heights (depending on the breast surface geometry) was generated. The node
distance was 1 mm. The 9 × 9 sources and 41 × 41 detectors were distributed evenly to
cover a ROI of 80 × 80 mm2, which are identical to our realistic measurement setup for
this patient. The background BFI was set as 10-8 cm2/s and a spherical anomaly (radius =
5 mm) with a high flow contrast of 2 folds was created at the location of (0, 0, 27) to match
the forearm-cuff experiment result (Figure 2.5). The reconstructions were performed with
the realistic breast geometry and a flat surface of a slab (100 × 100 × 30 mm3), respectively,
to evaluate the influence of surface geometry on the recovery of the anomaly flow contrast.
2.2.5 3D Imaging of Forearm Blood Flow Distribution During Arterial Cuff Occlusion

The modified scDCT system integrating with the PST was first tested for
continuous imaging of forearm blood flow responses to a cuff-occlusion on the upper arm
(Figure 2.5). This study was approved by the University of Kentucky Institutional Review
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Board (IRB). A healthy adult was asked to sit on a chair and extend her right arm on the
table. An arterial cuff-occlusion with a pressure of 220 mmHg was applied for ~160
seconds on the subject’s upper right arm to induce blood flow changes in the forearm. The
noncontact scDCT system was adjusted above the forearm to cover a ROI of 40 × 40 mm2
on the forearm. The surface geometry was first obtained by the PST, followed by a
sequential scanning of 5 × 5 sources on the ROI. Two frames at each source were taken
and averaged to improve the SNR. The scDCT data were continuously acquired before,
during, and after arterial cuff occlusion at the sampling rate of 0.025 Hz. 21 × 21 detectors
were distributed between the sources inside the ROI. The boundary BFIs were normalized
to their baseline before occlusion to calculate the relative blood flow (rBF). A subjectspecific solid volume mesh with node distance of 2 mm and bottom area of 60 × 60 mm2
was generated for flow image reconstruction.
2.2.6 Intraoperative Imaging of Mastectomy Skin Flaps

The scDCT instrument was then moved to the surgical room for intraoperative
imaging of mastectomy skin flaps. This study was approved by the IRB at the University
of Kentucky. Two female subjects (ages: 64 and 48) undergoing single stage mastectomy
(direct-to-implant reconstruction) participated in this study. For the first patient (P1), after
the incision was temporally closed using staples, the blood flow image was taken by the
scDCT immediately after the nipple sparing mastectomy. For the second patient (P2),
immediately after a skin sparing mastectomy and immediate reconstruction with an
implant, fluorescence angiography (SPY Elite, Novadaq) 67 with the injection of ICG dye
was first used to determine the areas with low blood perfusion. The scDCT was then
aligned to image a marked area with the lowest perfusion. An ROI of 80 × 80 cm2 was
selected for both patients, which is sufficient to cover the incision/suspension area. After
getting the surface geometry by the PST, 9 × 9 sources were scanned over the ROI. Two
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frames at each source location were taken and averaged to improve the SNR. The total
sampling time for the scDCT measurement was ~2 minutes. The 41 × 41 detectors were
then distributed between the sources and inside the ROI for calculating boundary rBF data.
A subject-specific solid volume mesh with the node distance of 2 mm and bottom area of
100 × 100 mm2 was generated for flow image reconstruction.
2.3

Results

2.3.1 Tissue Surface Geometry Affects Flow Image Reconstruction

Figure 2.4 illustrates 3D reconstruction results of blood flow distributions from
computer simulations. Figure 2.4a shows the original assigned anomaly inside the breastshaped volumetric mesh. Figure 2.4b shows the source and detector locations on the X-Y
plane. The reconstructed anomaly was segmented with the full width at half maximum
criterion 68 after normalizing to the background. The location and volume of the anomaly
with a priori knowledge of realistic surface geometry were recovered accurately (Figure
2.4c). The recovered peak blood flow of the anomaly was 1.8-fold higher than the
surrounding tissues, which agreed well with the assigned flow contrast (i.e., 2-fold, 8.5%
error). The radius of the reconstructed anomaly was ~5.7 mm, which agreed fairly with the
assigned value (i.e., 5 mm, ~14% error). The central location of the anomaly in the
reconstructed flow was (-0.8, -0.4, 31.4), which also matched fairly the assigned location
(0.0, 0.0, 27.0). By contrast, large errors were observed when assuming a slab tissue
volume with the flat surface (Figure 2.4d). The errors in anomaly peak flow was 127%.
The anomaly shape was severely distorted, making it difficult to evaluate its size and
location.
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Figure 2-4: The computer simulation results to demonstrate the influence of tissue
surface geometry on 3D reconstruction of flow distribution.
(a) The assigned anomaly with a high flow contrast of 2-folds inside a breast-shaped
volumetric mesh. (b) The source and detector locations in the X-Y plane used for image
reconstruction. (c) The reconstructed anomaly with the priori knowledge of the realistic
tissue surface geometry. (d) The reconstructed anomaly assuming a slab tissue volume with
a flat surface.
2.3.2 Forearm Blood Flow Responses to Arterial Cuff Occlusion

Figure 2.5 illustrates the measurement setup (Figure 2.5a), data process (Figure
2.5b-2.5e) and reconstructed results (Figure 2.5f-2.5j) of rBF distributions in the forearm
during arterial cuff occlusion. Figure 2.5b shows the tissue surface geometry of forearm
(ROI: 40 × 40 mm2) measured via PST. Figure 2.5c shows the volumetric tetrahedral mesh
based on the obtained surface geometry. Figure 2.5d shows the source locations on the
raw images and Figure 2.5e shows distributions of sources (5 × 5) and detectors (21 × 21)
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inside the ROI. Figure 2.5f-2.5i show 3D distributions of rBF changes in the forearm
before (T1), during (T2), immediately after occlusion (T3), and in the recovery period (T4).
Spatially heterogeneous responses in rBF distributions were observed over time in the
imaged tissue volume at the ROI with the depth of around 10 mm (mean ± standard
deviation: T1: 0.95 ± 0.14; T2: 0.545 ± 0.16; T3: 1.63 ± 0.46; T4: 0.96 ± 0.16). Figure 2.5j
shows time course rBF changes inside two cubic volumes of ~6 mm3 at the central locations
of L1 (0, 0, 27) and L2 (12, 12, 33), respectively. T1 to T4 represent the four timepoints
corresponding to Figure 2.5f-2.5j. Global ischemia was observed during arterial occlusion
due to the blockage of blood flow (Figure 2.5g). Reactive hyperemia was found
immediately after releasing the cuff (Figure 2.5h), followed by a flow recovery towards
its pre-occlusion baseline (Figure 2.5i). These blood flow changes agreed with the
expectation of forearm physiological changes due to the upper arm occlusion 39, 63.

Figure 2-5: 3D imaging of forearm blood flow distributions during arterial cuff
occlusion.
(a) scDCT measurement setup. (b) Reconstructed forearm surface geometry with PST. (c)
The tetrahedral mesh based on the forearm surface geometry. (d) The source distribution
on the forearm surface, (e) The source and detector distribution on the X-Y plane. (f) to (i)
Reconstructed 3D distributions of forearm blood flow before (T1), during (T2),
immediately after (T3), and in the recovery period (T4). (j) Time-course changes in rBF at
the two locations (L1: 0, 0, 27 and L2: 12, 12, 33) throughout the cuff occlusion protocol.
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2.3.3 Blood Flow Distributions in Mastectomy Skin Flaps

Figure 2.6 shows the scDCT imaging setup (Figure 2.6a) and data processing
procedures (Figure 2.6b-2.6e) for Patient #1 (P1). Figure 2.6b shows the breast surface
geometry (ROI: 80 × 80 mm2) obtained by PST. Figure 2.6c shows the volumetric
tetrahedral mesh based on the obtained surface geometry. Figure 2.6d shows the source
locations on the raw images and Figure 2.6e shows distributions of sources (9 × 9) and
detectors (41 × 41) inside the ROI. Figure 2.6f shows the reconstructed 3D image of rBF
distributions in the skin flap immediately after mastectomy. Figure 2.6g illustrated the top
view of 2D cross-section of rBF distributions at different depths of 0, 3, 6, and 9 mm.
Spatial heterogeneity was observed in the imaged tissue volume (mean ± standard
deviation: 0.96 ± 0.07).

Figure 2-6: Intraoperative 3D imaging of blood flow distribution in a mastectomy
skin flap (Patient #1) using the upgraded scDCT.
(a) Imaging setup. (b) Reconstructed tissue surface geometry with PST. (c) Tetrahedral
mesh based on the surface geometry. (d) The source distribution on tissue surface, (e) The
source and detector distribution on the X-Y plane. (f) Reconstructed 3D blood flow
distribution in mastectomy skin flap. (g) 2D cross-section views of flow distributions at
different depths (0, 3, 6, 9 mm).
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Figure 2-7: Intraoperative imaging of blood flow distribution in a mastectomy skin
flap (Patient #2) using the scDCT and SPY.
(a) Imaging setup. (b) Reconstructed 3D distribution of blood flow (scDCT). (c) 2D crosssection views of flow distributions at different depths (scDCT). (d) Top view of blood
perfusion measured by fluorescence angiography (SPY) with the injection of ICG. The
dashed black box on the fluorescence image indicates the ROI for scDCT imaging. The
dashed red ellipses indicate the area with low blood perfusion observed from the SPY
machine.
Figure 2.7a shows the scDCT imaging setup for Patient #2 (P2). Figure 2.7b
shows the reconstructed 3D image of rBF reconstruction in the skin flap immediately after
mastectomy and reconstruction. Figure 2.7c shows the top view of 2D cross-section of rBF
distributions at different depths of 0, 3, 6, and 9 mm. Spatial heterogeneity was observed
in the imaged tissue volume (mean ± standard Deviation: 0.98 ± 0.49). Figure 2.7d
displays the 2D fluorescence image of tissue perfusion in the skin flap. Interestingly,
similar flow distribution patterns were observed from the top view of 3D blood flow image
(scDCT) and the 2D fluorescence perfusion image (SPY Elite, Novadaq).
2.4

Discussion and Conclusions

We have previously developed a noncontact scDCT system for 3D imaging of
blood flow distributions in relatively deep tissue volumes 63. The scDCT system provides
many unique advanced features including fully noncontact hardware for avoiding tissue
compression/interactions, rapid data acquisition through the diffuse speckle contrast
method, adjustable source-detector (S-D) patterns/density for high-density measurements
over a flexible FOV/ROI, finite-element-method (FEM)-based reconstruction algorithm,
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and portable and cost-efficient instrument design. Although the FEM-based method works
with simple geometry as well as complex surface geometries, 3D surface geometry has not
been obtained for the image reconstruction. Instead, a semi-infinite tissue with a flat surface
was assumed, which might affect the image reconstruction accuracy for tissues with
irregular geometries.
This paper reports an upgraded scDCT system (Figure 2.2a) that uses one single
CCD camera to obtain both tissue surface geometry (via PST) and boundary blood flow
data (via scDCT). This innovative design allows us not only to leverage the advancements
made previously from our scDCT prototype implementation but also to include surface
geometry for improving image reconstruction. Furthermore, data acquisition times for both
PST (<1 second) and scDCT (seconds to minutes depending on the selected ROI) are
relatively short, which is important for clinical applications. Importantly, the integrated
design with one single CCD camera for both PST and scDCT data collection obviates the
need for offline alignment of sources and detectors on the tissue boundary, thus offering
the potential for online image reconstruction and display. This online processing ability is
essential for intraoperative applications as it can provide real-time feedback to surgeons
during surgery for optimizing the surgical procedure and outcome.
The new circuit was built to drive the LEDs and the mechanical arms were
constructed using a 3D printer to hold the LEDs. The PST and scDCT were innovatively
integrated to form an upgraded scDCT (Figure 2.2a), which enabled obtaining both tissue
surface geometry (via PST) and boundary blood flow data (via scDCT). To run the
upgraded scDCT system, several software packages were developed to operate the
instrument (PST and scDCT) for data collection alternatively by a custom-made program
(LabVIEW) and perform data analysis and image reconstruction (MATLAB). After
numerous tests, these software packages were optimized and standardized, as shown in
Figure 2.3.
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Another improvement in this study is that the source locations were determined by
extracting the pixels with regional high intensities on raw intensity images obtained by
scDCT. In our previous studies with scDCT, the source locations were assumed evenly
distributed over a selected ROI 63. This assumption can lead to large errors especially when
imaging the tissues with irregular geometries, as shown in Figure 2.5d and Figure 2.6d.
To evaluate the geometry influence on the image reconstruction, computer
simulations were performed. Computer simulation is extensively used as a substitute
economic tool for approval of the concept and for the optimization of performance. Results
suggest that priori knowledge of tissue surface geometry is crucial for precisely
reconstructing the anomaly with blood flow contrast (Figure 2.4). Image reconstruction
with a volumetric mesh based on realistic tissue surface geometry recovers the anomaly
blood flow contrast precisely. This improvement is essential for intraoperative imaging of
mastectomy skin flaps as the flap surface geometries can vary greatly before and after the
surgery.
The upgraded scDCT system was then tested for in vivo monitoring of human
forearm blood flow responses to arterial cuff occlusion. This protocol has been extensively
used for the validation of near-infrared instruments

39, 63, 69

. The forearm has sufficient

space to image and the cuff occlusion can be easily applied on the upper arm to create
blood flow variations. Both PST and scDCT data were collected by the upgraded scDCT
system. Typical time-course ischemic and hyperemic responses during and after cuff
occlusion are clearly observed at multiple locations of the forearm (Figure 2.5). The spatial
variation in blood flow response is expected because of regional hemodynamic response
differences in the individual subject. Although rBF changes in the skin and muscle at
different depths are similar in this subject (Figure 2.5j), more subjects are needed to
investigate potential differences in rBF responses between different types of tissues.
Finally, the upgraded scDCT was moved to the clinic for intraoperative imaging of
mastectomy skin flaps. Through imaging two patients during surgery, we verified the
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feasibility and safety of our new system for intraoperative use. The total time for PST and
scDCT measurements was less than 2 minutes, which is acceptable for clinical monitoring.
We observed the expected spatial heterogeneities of blood flow distributions in the
measured tissue volumes for both patients (Figure 2.6 and Figure 2.7). In the second
patient, we got the chance to compare our 3D blood flow image by the scDCT with the 2D
map of tissue perfusion by a commercial fluorescence angiography system (Figure 2.7).
Fluorescence angiography is invasive (requiring dye injection), time dependent,
and limited to 2D imaging of tissue perfusion 67. The 2D fluorescence image represents an
overlap of tissue perfusions over a depth of several millimeters. By contrast, our scDCT is
noninvasive, time independent, and has the ability to assess tissue blood flow distributions
in three dimensions over a depth of ~9 mm. Since the average postoperative thickness of
mastectomy skin flaps is ~10 mm 70, 71, our scDCT with a penetration depth of ~9 mm is
generally sufficient to detect skin flap ischemia/necrosis. Moreover, this maximal
penetration depth is expected to be improved when using an advanced camera with better
quality and sensitivity.
The general 2D patterns of very low and high perfusion/blood flow are similar in
both florescence and scDCT images (Figure 2.7). However, it is not surprising that there
are discrepancies in small areas/regions between the two images due to the difference in
imaging mechanism. The 3D image of blood flow distribution over the entire tissue volume
provides a more comprehensive assessment of skin flap ischemia/viability than the 2D
perfusion map on the tissue surface. For example, it may be used to assess/predict the
partial-thickness or full-thickness skin flap necrosis. We expect this information can, after
further studies in a large patient population, be used to provide intraoperative guidance of
compromised tissue removal to prevent skin flap necrosis.
We would like to note a few limitations with the current scDCT system and study.
Although effective, the FEM-based image reconstruction can take several hours depending
on the sizes of mesh nodes and S-D pairs, which is not acceptable for real-time
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intraoperative monitoring. Recently, a fast and efficient sensitivity map generation in
NIRFAST for diffuse optical tomography (DOT) reconstruction has been proposed. This
method utilizes a reduced sensitivity matrix that takes advantage of sparsity and
parallelization processes, thus shortens the process time significantly, allowing for near
real-time image recovery 72. We will adapt this fast method to our modified NIRFAST for
scDCT reconstruction in the future.
Although this study focuses on the 3D imaging of blood flow distribution using the
scDCT technique, we may explore a dual-wavelength scDCT system (i.e., adding another
laser at a different wavelength) in the future for simultaneous imaging of blood flow and
oxygenation distributions to enhance the ability for assessing tissue viability.
In this study, we assumed the optical properties (absorption coefficient µa and
reduced scattering coefficients µ′s) from the literature

73

. The boundary BFIs were

normalized to the mean BFI value over the mastectomy (i.e., rBF) for image reconstruction.
However, these parameters (i.e., µa, µ′s and absolute BFI) may be quantified by taking the
multi-exposure and/or multi-wavelength data at multiple S-D distances 38, 74, which is the
subject of our future work.
Finally, the sample size for each experimental protocol was small and none of the
two patients had mastectomy skin flap necrosis. More patients are being measured to verify
the capability of scDCT imaging for intraoperative prediction of mastectomy skin flap
necrosis area/volume.
In conclusion, we have demonstrated the feasibility and safety of an upgraded
scDCT system for 3D imaging of blood flow distributions and variations in tissues with
arbitrary geometries. The new scDCT uses one single EMCCD camera to obtain, for the
first time, both tissue surface geometry (via PST) and boundary blood flow data (via
scDCT). This innovation not only leverages the advancements made previously from our
scDCT prototype (i.e., noninvasive, noncontact, cost effective, portable, flexible
ROI/FOV, flexible sampling density, reflectance measurement, 3D imaging), but also
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includes the tissue surface geometry for improving image reconstruction accuracy. The in
vivo imaging capability is demonstrated by imaging dynamic changes in forearm blood
flow distribution during a cuff-occlusion procedure. The clinical viability is also evidenced
by intraoperative imaging of mastectomy skin flaps and comparing with fluorescence
angiography. The noncontact reflectance configuration with a flexible ROI and 3D imaging
capability make the scDCT applicable to multiple clinical applications including wounds,
burn, trauma, and reconstructive tissue flaps.
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CHAPTER 3. NONCONTACT INTRAOPERATIVE OPTICAL IMAGING OF BLOOD FLOW
DISTRIBUTIONS IN MASTECTOMY SKIN FLAPS: A COMPARISON STUDY WITH
FLUORESCENCE ANGIOGRAPHY
This chapter is presented based on an manuscript to be readily submitted: S.
Mazdeyasna, C. Huang, A. Bonaroti, M. Mohtasebi, Q. Cheng, L. Wong, G. Yu,
“Noncontact Optical Imaging of Blood Flow Distributions in Mastectomy Skin Flaps: A
Comparison Study with Fluorescence Angiography”, (2020).
3.1

Introduction

Breast cancer is the highest cause of cancer fatalities in women after lung cancer2.
The annual rates of cancer diagnosis and death are around 1.4 million and 450 thousand
women worldwide, respectively2, 75. Mastectomy is conducted in about 50% of women
with symptomatic breast cancer3. Mastectomy skin flap necrosis (MSFN) is a common
post-mastectomy complication with an incident rate ranging from 5% up to 30%3, 76-83.
MSFN can have devastating effects including patient distress, wound management
problems, delayed tissue expansion, implant loss, need for reoperation, and financial loss.
MSFN occurs due to the lack of blood perfusion to meet the metabolic need in the skin
flap3. Intraoperative assessment of tissue perfusion/blood flow may guide the excision of
compromised/ischemic tissues to reduce necrosis rates. Current methods for intraoperative
assessment of mastectomy skin flap viability include clinical judgment (e.g., skin flap
color, dermal bleeding, turgidity and temperature, capillary refill84) and intraoperative
fluorescence angiography.
Compared to the clinical assessment, fluorescence angiography provides an
objective prediction of MSFN. Fluorescence angiography with the injection of indocyanine
green (ICG) dye has shown high sensitivities (90% to 100%) but moderate specificities
(50% to 72%) in predicting MSFN84, 85. Some studies found that ICG angiography might
overpredict MSFN, thus leading to unnecessary tissue excisions during mastectomy3, 84, 86.
Wide acceptance of fluorescence angiography in clinical settings is limited by a number of
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challenging issues, including documented allergic reactions, short observation time
window (ICG plasma half-time is ~3 minutes67), lack of flexibility for continuous use
especially in the preoperative clinic and postoperative inpatient settings, and measurement
uncertainties due to the variations in patients, devices, and operators84, 86-93. Furthermore,
ICG angiography devices are generally expensive67. Several reviews with cost analyses
have concluded that ICG angiography is not cost-effective as a preventative measure if
used indiscriminately on all patients3, 91, 92.
A number of alternative techniques have been explored to detect ischemic-hypoxic
skin flaps at risk of necrosis, including laser Doppler flowmetry (LDF)94-97, laser speckle
contrast imaging (LSCI)98,

99

, spatial frequency domain imaging (SFDI)100,

101

,

multispectral imaging (MSI)102, hyperspectral imaging (HSI)103, and near-infrared
spectroscopy (NIRS)97,

104, 105

. Numerous studies have been conducted using these

techniques in animal models to identify compromised tissues in skin flaps in advance of
necrosis3, 98-101, 103. However, none have achieved universal acceptance as each technique
has challenging issues that decrease its clinical usefulness3. The majority of these
techniques provide 2D maps of blood flow/perfusion (LDF, LSCI) or blood oxygenation
(SFDI, MSI, HSI) distribution on the skin surface, which may not be consistent with
hemodynamics in deeper subcutaneous tissue95-97. Perforating cutaneous arterial and
arteriolar branches deliver blood to the overlying breast skin, linking to form a continuous
plexus. Therefore, skin and subcutaneous tissues may have different susceptibility to
surgery-related ischemia. It is well known that a thicker skin flap with more subcutaneous
tissue reduces the incidence of MSFN106-108. In addition, MSFN may present as partial- or
full- thickness necrosis, which is managed differently (e.g., local wound care for partialthickness versus surgical debridement for full-thickness)3. As such, 3D imaging of deep
tissue hemodynamics would allow for precisely assessing the severity of MSFN and need
for treatment.
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NIRS uses focused near-infrared (NIR) point light to detect blood oxygenation
variations in relatively deep tissues (up to several centimeters)105. In a pilot study using
NIRS in 10 patients undergoing mastectomy where only one patient developed MSFN, the
authors identified a reduction in skin flap oxygen saturation as a key predictor of
necrosis105. In addition to the limited number of patients, another limitation in this clinical
study was the use of a NIRS probe in contact with the reconstructive tissue, which increased
the risk of contact interference/infection. We have previously reported an innovative
noncontact diffuse correction spectroscopy (ncDCS) technique, which enabled
perioperative assessments of hemodynamic changes in mastectomy skin flaps and
head/neck free muscle flaps for predicting flap necrosis36, 109. Preliminary results from our
ncDCS measurements of blood flow changes in mastectomy skin flaps after breast
reconstruction demonstrated high accuracy in predicting MSFN, with the area under thereceiver-operating-characteristic curve (AUC) of 0.95, sensitivity of 1.00, and specificity
of 0.8135, 84, 85. However, both NIRS and ncDCS devices did not provide enough spatial
resolution to determine ischemic-hypoxic regions/volumes for intraoperative guidance of
tissue excisions.
To overcome those aforementioned limitations, we have recently developed an
innovative electron-multiplying charge-coupled-device (EMCCD) based, noncontact
speckle contrast diffuse correlation tomography (scDCT) technique (US Patent
#9861319)19, 47, 50, 56, 57 for rapid 3D imaging of blood flow distributions in deep tissues (up
to ~10 mm). The scDCT uses a galvo-mirror to remotely deliver focused NIR point light
to source positions for deep tissue penetration and employs a sensitive EMCCD camera as
a high-density 2D detector array to rapidly quantify spatial diffuse speckle fluctuations
resulting from moving red blood cells in the tissue (i.e., tissue blood flow). What
distinguishes EMCCD detection in scDCT19, 47, 50, 56, 57 from the single-photon-counting
avalanche photodiode (APD) detection in ncDCS36,

51-55, 109

is the transition from

measurements of slower temporal fluctuations (hundreds of milliseconds) to faster spatial
31

fluctuations (a few milliseconds) of laser speckles, allowing for a much higher sampling
rate. Furthermore, thousands of 2D-array pixels/detectors provided by the camera
dramatically increase the sampling density and make the scDCT device more portable and
less expensive than the ncDCS.
We have also integrated an advanced photometric stereo technique (PST) into the
scDCT device to obtain breast surface geometry. PST uses multiple 2D images obtained
by the EMCCD camera perspective with different illumination directions, generated by
successively flashing 4 light-emitting diodes (LEDs). Using one single camera for both
geometry (via PST) and hemodynamic measurements (via scDCT) avoids complex offline
alignment of sources and detectors on the tissue boundary, thereby facilitating online image
reconstruction. These boundary data are simply averaged for 2D mapping of surface blood
flow or input into our patented finite-element-method (FEM)-based program for 3D
reconstruction of blood flow distributions in deep tissue volumes with arbitrary geometries.
We have reported results using scDCT for 2D/3D imaging of blood flow distributions in
animals (brains of mice, rats, piglets) and humans (infant brains, wound tissues, and
mastectomy skin flaps)19, 47, 56, 57, 110-112. Particularly in a relevant case study, we compared
the 3D blood flow image taken by the scDCT with the 2D map of tissue perfusion obtained
by a commercial fluorescence angiography device (SPY-Elite, Novadaq)47. Similar
flow/perfusion patterns were observed from the top view of the 3D blood flow image
(scDCT) and the 2D fluorescence perfusion image.
In the present study, we replaced the EMCCD camera with a more sensitive and
faster scientific complementary metal-oxide-semiconductor (sCMOS) camera, and visible
LEDs with NIR LEDs in the upgraded scDCT device for better performance. Using this
upgraded scDCT device, 11 patients were imaged and compared to fluorescence imaging
results by SPY-PHI (Novadaq/Stryker). We innovatively introduced a level set contourbased algorithm for comparisons. Significant correlations between these two imaging
modalities were observed, indicating the potential of using scDCT for skin flap viability
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assessment. Ultimately, we expect that intraoperative imaging of ischemic-hypoxic tissues
by our noninvasive (dye-free) scDCT will provide easily accessible and objective guidance
for managing skin flap viability to prevent MSFN.
3.2

Methods and Materials

3.2.1 Experimental Protocols

This study was approved by the Institutional Review Board at the University of
Kentucky. Twelve (12) adult female patients undergoing mastectomy and immediate breast
reconstruction were recruited (Table 3.1). Breast reconstruction was performed by a single
plastic surgeon (L. Wong). Patients underwent nipple-sparing or skin-sparing mastectomy
followed by single-stage reconstruction (direct to implant reconstruction) or two-stage
reconstruction (tissue expander followed by implant reconstruction). The selection of
single- or two-stage reconstruction was based on the size, quality, and pliability of skin
flaps as well as desired breast sizes.
The scDCT was used immediately after mastectomy to image blood flow
distributions in mastectomy skin flaps while the incision was temporarily closed via a
stapler. An ICG solution (3 mL of 2.5 mg/mL ICG followed by a 10 mL flush of saline)
was then injected intravenously after the scDCT measurement to avoid dye interference. A
handheld fluorescence angiography probe (SPY-PHI) was used to image ICG perfusion in
the mastectomy skin flap. Additional excision of non-perfused skin edges were performed
in patients based on the fluorescence angiography results in order to prevent MSFN. One
patient (P4) was not imaged by the SPY-PHI due to ICG allergy and thus excluded from
data analysis/comparison.
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Table 3-1: Patient Demographics and Surgical Procedures (n = 12)
Type of
Measured
Expander Smoking
Patient Age BMI
SPY
vs.
Mastectomy
Side**
Implant
P1

31

28.0

Nipple
Sparing

Right

PHI

Expander

No

P2

42

41.4

Skin Sparing

Right

PHI

Expander

No

P3

64

32.39

Skin Sparing

Right

PHI

Implant

No

P4*

63

30.9

Skin Sparing

Right

Allergic

Expander

No

P5

44

20.7

Skin Sparing

Right

PHI

Delayed

No

P6**

66

27.9

Skin Sparing

Left

PHI

Expander

No

P7

36

17.73

Nipple
Sparing

Right

PHI

Delayed

No

P8

38

32.64

Skin Sparing

Right

PHI

Expander

Yes

P9***

41

28.12

Skin Sparing

Right

PHI

Expander

Yes

P10

41

21.43

Nipple
Sparing

Right

PHI

Expander

No

P11

50

27.37

Skin Sparing

Right

PHI

Expander

Nicorette

P12

44

26.95

Skin Sparing

Left

PHI

Expander

No

* P4 was allergic to the ICG and thus excluded from this study.
** P6 underwent single-side mastectomy. All others underwent bilateral mastectomy.
*** P9 was a smoker and developed wound dehiscence and implant exposure after
mastectomy.
3.2.2 Upgraded scDCT System

Details about our scDCT technique are found in our previous publications47, 50, 63,
111, 113

. Figure 3.1a shows the upgraded scDCT system for noncontact 3D imaging of blood

flow distributions in mastectomy skin flaps. Briefly, a long coherence laser diode module
(785 nm, CrystaLaser) was used as a NIR point source. A multimode fiber (FT200UMT,
core diameter: 200 microns; numerical aperture: 0.39, Thorlabs) connected to an
achromatic lens (AC127-019-B, Thorlabs) was used to couple the laser light to an
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electrically controlled galvo-mirror (switch time: <1 ms; GVS002, Thorlabs). The galvomirror remotely delivered coherent light to multiple source positions in a selected region
of interest (ROI). A scientific CMOS camera (ORCA-Flash 4.0 V3/LT+, Hamamatsu) was
used to measure spatial diffuse speckle contrasts on the tissue boundary. This new sCMOS
camera has a larger pixel quantity (2048 × 2048), faster frame rate (30/sec) and higher
quantum efficiency (>50% @800 nm), compared to our previous EMCCD camera (pixels:
1004 × 1002; frame rates: 9/sec; quantum-efficiency: 40% @800 nm, Cascade 1K,
Photometrics). This upgrading improved sampling rate, sampling density, and signal-tonoise ratio (SNR).
A long-pass filter (>750 nm, #84-761, EdmundOptics) was used to minimize the
influence of ambient light. A pair of polarizers (LPNIRE050-B and LPNIRE200-B,
Thorlabs) was added across the source and detector paths to reduce the source reflection
from the tissue surface. A zoom lens (Zoom 7000, Navitar) was installed in front of the
camera to adjust the field-of-view (FOV). The f-number of this zoom lens was set as 8 to
ensure the speckle size satisfying Nyquist sampling criteria114.
Figure 3.1b shows our unique design of PST to obtain tissues surface geometry.
Briefly, PST uses multiple 2D images taken by the sCMOS camera perspective with
different illumination directions, generated by successively flashing 4 LEDs (<1 second in
total). In the upgraded scDCT, the 4 visible LEDs were replaced with 4 NIR LEDs (850
nm, Luxeon Star LEDs) to adapt for the long-pass filter (>750 nm) used for scDCT
measurements.
Figure 3.1c shows the distribution of source-detector (S-D) pairs on the tissue
surface. In total, 81 source positions (9 × 9) and 1681 detectors (41 × 41) were evenly
distributed in the ROI. Source positions were determined by searching pixels with regional
maximum light intensities47.
Figure 3.1d shows our upgraded scDCT system and a commercial SPY-PHI device
in the operating room. The scDCT system was assembled on a mobile cart and its
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noncontact imaging probe was fixed on an articulated boom with a flexible rotating holder
for easy alignment to the selected ROI. The scDCT instrument was equipped with an
uninterruptable power supply battery (1500VA, APC), thus allowing to easily move in and
out of the operating room.

Figure 3-1: Intraoperative Imaging of Mastectomy Skin Flaps.
(a) The upgraded scDCT for noncontact 3D imaging of blood flow distributions in
mastectomy skin flaps. (b) Using a single sCMOS camera to measure both blood flow
distribution (by scDCT) and tissue surface geometry (by PST). Movement of red blood
cells in the measured tissue volume (“banana-shape”) produces continuous laser speckle
fluctuations on the tissue surface, which is captured by the sCMOS camera. These
boundary data from multiple sources (e.g., S1, S2…) and multiple pixel-windows/detectors
(e.g., D1, D2…) are input into the FEM-based program for reconstruction of blood flow
distributions. (c) The S-D distribution on the X-Y plane. (d) The scDCT and SPY-PHI
measurements during mastectomy in the operating room.
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3.2.3 Data Acquisition and Analysis

A graphical-user-interface (GUI) based program on LabVIEW (National
Instruments) was designed to control the scDCT device. Data acquisition sequence
includes: (1) selecting a desired FOV (up to 120 × 120 mm2), (2) obtaining four images by
successively flashing 4 LEDs to obtain tissue surface geometry via PST, (3) scanning point
light to multiple source positions inside the FOV, and (4) recording total 810 images at 9
× 9 source positions (Figure 1c) with 10 frames at each source position for frame averaging
to increase SNR.
Details about data processing can be found in our previous publications47, 50, 63, 111.
Red blood cells movements in the measured tissue volume (“banana-shape”; Figure 3.1b)
produces spatial laser speckle fluctuations on the tissue surface, which are captured by the
sCMOS camera with an exposure time of 2 ms. Spatial speckle contrast (K) is quantified
over a selected window of 7 × 7 pixels by simply calculating the intensity ratio of standard
deviation (σ) to mean (<I>) over these 49 pixels; i.e., 𝐾𝐾𝑠𝑠−𝐷𝐷 (𝑟𝑟) =

𝜎𝜎

〈𝐼𝐼〉

. To further improve

SNR, speckle contrast data were averaged over 3 × 3 adjacent pixel windows and across
10 frames (at each source position). The resulting 41 × 41 detectors were distributed evenly
across 9 × 9 sources to cover the ROI of 80 × 80 mm2 (Figure 3.1c). In this study, the

effective S-D pairs at distances of 3 to 19 mm were used for data analysis. Moreover, S-D
pairs with SNRs below 3 or with above 90% of saturated intensities were excluded from
data analysis.
For image reconstruction, a tetrahedral volume mesh with 2-mm node distance was
created based on the PST data with the bottom area of 120 × 120 mm2 and varied heights
(depending on subject-specific tissue surface geometry). These boundary data 𝐾𝐾𝑠𝑠−𝐷𝐷 (𝑟𝑟)

taken by scDCT from multiple sources (S1, S2…) and multiple detectors (D1, D2…) are used
to calculate the boundary blood flow indices (BFIs), and then input into the modified FEMbased near-infrared fluorescence and spectral tomography (NIRFAST) program50, 53, 63, 115
37

for 3D reconstruction of blood flow distributions in the selected tissue volume (Figure
3.1b).
3.2.4 Measurement Comparison and Statistical Analysis

Figure 3.2 illustrates procedures to compare the 3D blood flow images by the
scDCT and 2D perfusion maps by the SPY-PHI. Note that SPY-PHI generates a 2D
perfusion map of skin flap with mixed signals from its surface to deep tissue up to several
millimeters84. Text boxes with red or purple color represent multiple steps to process
scDCT or SPY images. These steps and corresponding results in two illustrative patients
are presented in Figure 3.3 and Figure 3.4. Our first step was to search the ischemic area
with the lowest blood flow value on each individual 3D image of scDCT. Four cubes with
varied volumes (from 10 × 10 × 10 mm3 to 40 × 40 × 40 mm3) were then selected centering
this ischemic area for comparisons. Cubes larger than 40 × 40 × 40 mm3 were not
investigated because they are out of the ROI of 80 × 80 mm2. Eight contours were then
generated in each individual cube based on 8 evenly distributed blood flow levels across
the minimal and maximal values inside the cube. The average blood flow values were
calculated in these 8 contours respectively; with “C1” representing the contour with the
lowest average blood flow and “C8” representing the contour with the highest average
blood flow. Finally, average flow values in 8 contours were normalized to the averaged
flow value in the cube of 10 × 10 × 10 mm3 with the highest blood flow in each patient for
comparisons with the SPY-PHI results.
The commercial SPY-PHI generated 2D grayscale (8 bits) ICG perfusion maps with
a spatial resolution of 1080 × 1920 pixels. For comparisons, the same ischemic area with
the lowest blood flow determined by the scDCT was registered on the ICG perfusion map.
Four squares with the same areas as selected on the surface of the scDCT image (from 10
× 10 mm2 to 40 × 40 mm2) were marked on the 2D perfusion map. Following the similar
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steps for scDCT image processing, average ICG perfusion values in 8 contours were
calculated in the four squares respectively and normalized to the normal perfusion value in
the area near the sternum of each patient. Note that ICG accumulations at the edge of the
wound/incision may lead to high fluorescence intensities as artifacts (Figure 3.4a), which
are not good references for the normalization.

Figure 3-2: Methodological Flowchart for the Comparison of scDCT and SPY-PHI
Measurements.
Text boxes with different colors represent multiple steps for data processing: red boxes for
scDCT, purple boxes for SPY, and a green box for the comparison.
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Linear regressions and Pearson’s correlations were calculated to investigate the
relationships between the scDCT and SPY-PHI measurements at 8 contours (C1 to C8) in
4 areas (from 10 × 10 to 40 × 40 mm2) for SPY-PHI and in four cubes (from 10 × 10 × 10
to 40 × 40 × 40 mm3) for scDCT.
3.3

Results

Figure 3-3: Steps and Corresponding Results to Compare the scDCT and SPY-PHI
Measurements in P2.
(a) The original ICG map obtained by SPY-PHI. The dashed yellow box represents the
selected ROI of 80 × 80 cm2 for scDCT. (b) A square area of 20 × 20 mm2 was
superimposed on top of the ICG map at the ischemic region with the lowest blood flow
value detected by the scDCT. (c) The area of 20 × 20 mm2 was segmented into 8
regions/contours based on ICG perfusion levels. (d) For illustrative clarity, a morphologic
filter was applied on Figure 3.3d to show the 8 regions/contours (C1 to C8). (e) A top view
of blood flow distribution reconstructed by the scDCT. (f) A cube of 20 × 20 × 20 mm3
was selected at the ischemic area with the lowest blood flow. (g) The cube of 20 × 20 × 20
mm3 was segmented into 8 volumes/contours based on blood flow levels. Only 4 contours
(C2, C4, C6, and C8) out of 8 are shown to facilitate better illustration.
Figure 3.3 and Figure 3.4 illustrate results by the SPY-PHI (top panel) and scDCT
(bottom panel) from two patients (P2 and P12), respectively. Figure 3.3a and Figure 3.4a
show the original ICG maps obtained by the SPY-PHI. Figure 3.3b and Figure 3.4b show
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the superimposed areas of 20 × 20 mm2 on top of the ICG maps at the ischemic area with
the lowest blood flow detected by the scDCT. Figure 3.3c and Figure 3.4c illustrate the
contour-based maps (C1 to C8) inside the selected area of 20 × 20 mm2. Figure 3.3d and
Figure 3.4d show the maps after applying a morphological filter in Figure 3.3c and Figure
3.4c.

Figure 3-4: Steps and Corresponding Results to Compare the scDCT and SPY-PHI
Measurements in P12.
(a) The original ICG map obtained by SPY-PHI. The dashed red ellipses show high
intensity perfusions as artifacts due to ICG augmentations. The dashed yellow box
represents the selected ROI of 80 × 80 cm2 for scDCT. (b) A square area of 20 × 20 mm2
was superimposed on top of the ICG map at the ischemic region with the lowest blood flow
value detected by the scDCT. (c) The area of 20 × 20 mm2 was segmented into 8
regions/contours based on ICG perfusion levels. (d) For illustrative clarity, a morphologic
filter was applied on Figure 1d to show the 8 regions/contours (C1 to C8). (e) A top view
of blood flow distribution reconstructed by the scDCT. (f) A cube of 20 × 20 × 20 mm3
was selected at the ischemic area with the lowest blood flow. (g) The cube of 20 × 20 × 20
mm3 was segmented into 8 volumes/contours based on blood flow levels. Only 4 contours
(C2, C4, C6, and C8) out of 8 are shown to facilitate better illustration.
Figure 3.3e and Figure 3.4e show the distributions of rBF on mastectomy skin flap
surface by the scDCT. For the illustration of rBF, blood flow distributions were normalized
to the average value in the entire reconstruction volume. Figure 3.3f and Figure 3.4f
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illustrate a selected cube of 20 × 20 × 20 mm3 around the lowest blood flow. Figure 3.3g
and Figure3. 4g show 4 contours (C2, C4, C6, and C8) inside the selected cube of 20 × 20
× 20 mm3. To facilitate a better illustration, only 4 contours out of 8 are illustrated.
For comparisons, regression correlations between the scDCT and SPY-PHI
measurements across 11 patients were investigated. Figure 3.5 and Figure 3.6 show results
in the 8 contours from the selected areas of 10 × 10 mm2 and 20 × 20 mm2, respectively.
Table 3.2 summarizes comparison results in 8 contours from 4 selected areas (from 10 ×
10 mm2 to 40 × 40 mm2). The results with bolded p-values in Table 3.2 are significant
(i.e., p < 0.05). Based on these results, significant correlations were observed in all 8
contours from the selected area of 10 × 10 mm2 (R2 ≥ 0.62, p < 0.004) and 5 contours (C1
to C5) from the selected area of 20 × 20 mm2 (R2 ≥ 0.53, p < 0.02).
Table 3-2: Pearson Correlations Between the scDCT and SPY-PHI Measurements
10 × 10 mm2

20 × 20 mm2

Contours

R2

P_Val

R2

C1

0.70

< 2×10-3

C2

0.77

C3

Areas

30 × 30 mm2
P_Val

R2

P_Val

0.56 < 9×10-3 0.18

< 2×10-1

0.17

< 3×10-1

< 4×10-4

0.67 < 3×10-3 0.31

< 8×10-2

0.29

< 9×10-2

0.75

< 7×104

0.77 < 5×10-4 0.30

< 9×10-2

0.29

< 9×10-2

C4

0.75

< 6×10-4

0.67 < 3×10-3 0.38

< 5×10-2

0.42

< 4×10-2

C5

0.72

< 1×10-3

0.53 < 2×10-2 0.34

< 6×10-2

0.40

< 4×10-2

C6

0.66

< 3×10-3

0.34 < 6×10-2 0.15

< 3×10-1

0.20

< 2×10-1

C7

0.65

< 3×10-3

0.26 < 2×10-1 0.14

< 3×10-1

0.17

< 3×10-1

C8

0.62

< 4×10-3

0.22 < 2×10-1 0.16

< 3×10-1

0.20

< 2×10-1

P_Val

R2

40 × 40 mm2

Results with bold p-values are significant (i.e., p < 0.05).
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Figure 3-5: Regression Correlations Across 11 Patients Between the scDCT and SPYPHI Measurements in 8 Contours from the Selected Areas of 10 × 10 mm2.
Significant correlations were observed in all results.

Figure 3-6: Regression Correlations Across 11 Patients Between the scDCT and SPYPHI Measurements in 8 Contours from the Selected Areas of 20 × 20 mm2.
Results with bold p-values are significant (i.e., p < 0.05).

43

3.4

Discussion and Conclusions

We have previously demonstrated the feasibility and capability of scDCT for
noninvasive and noncontact imaging of blood flow distributions in a variety of organs and
tissues with different scales and geometries including human wound tissues and
mastectomy skin flaps, and brains of mice, rats, piglets, and infants47, 50, 63, 111, 112. In this
study, the scDCT was upgraded with a new sCMOS camera for 3D imaging and the NIR
LEDs for PST illuminations (Figure 3.1). Compared to our previous EMCCD camera, the
new sCMOS camera has a larger pixel quantity, higher quantum efficiency and faster frame
rate, thus improving the sensitivity and tempo-spatial resolution of scDCT. Moreover, use
of the NIR LEDs to replace the visible LEDs eliminates the need of removing the longpass filter (>750 nm) for PST illustration, thus simplifying the operation and reducing
operation time.
The primary goal of this study was to compare the imaging results in mastectomy
skin flaps acquired by the two imaging modalities: noninvasive (dye-free) scDCT and dyebased SPY-PHI. In total, 11 patients were imaged by both technologies (Table 3.2) and
results were co-registered based on the ischemic area with the lowest blood flow (Figure
3.2). This ischemic area is likely the most important region for the comparison as the
ischemic/compromised tissues around this area might require excision to prevent MSFN.
One challenge for the comparison is the significant difference between the resulting
images. The scDCT generates 3D images of blood flow distributions whereas the SPY-PHI
offers 2D maps of ICG perfusion. Since SPY-PHI maps blood perfusions within certain
depths up to several millimeters84, 87, 116, we decided to average blood flow values along
the depth of 3D scDCT images for the comparison in the same area. Because ischemic
areas have irregular shapes, we introduced the contour-based algorithm to compare the
values of blood flow and ICG perfusion at 8 different levels (i.e., 8 contours, Figure 3.2).
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The comparison results shown in Figures 3.3-3.6 and summarized in Table 3.2
suggest the consistency between the two measurements (scDCT and SPY-PHI) around the
ischemic areas of 10 × 10 mm2 and 20 × 20 mm2 with relatively low blood flow/perfusion
values. The inconsistencies between the two measurements in larger areas of 30 × 30 mm2
and 40 × 40 mm2 may be attributed to the differences in methodologies (as reviewed
earlier) and measurement settings. For example, the incision was temporarily closed by a
stapler during scDCT measurements, whereas staples might be removed by the surgeon for
SPY-PHI measurements.
Among the measured 11 patients, P9 was the only one who developed wound
dehiscence and implant exposure after breast reconstruction. However, both measurements
(scDCT and SPY-PHI) did not capture any abnormal regional flow/perfusion in this
patient. This patient was a smoker. Nicotine may inhibit endothelial-dependent
vasodilatation, which is often associated with the reduction in tissue oxygenation3. Our
scDCT may be extended to a multiple-wavelength system for imaging of oxygen
distributions in mastectomy skin flaps.
We recognize a few limitations and technical challenges in this study. The small
number of subjects studied (n = 11) limits our statistical analyses and study power, which
will be addressed by on-going studies with more subjects. Post-mastectomy complication
occurred in only one patient in this pilot study, which limits the examination of scDCT for
predicting MSFN. We are currently working on a preclinical study in a well-controlled
porcine model of mastectomy skin flaps117,

118

to verify the capability of scDCT for

predicting MSFN and consequent complications.
The ROI of 80 × 80 cm2 (Figure 3.1) used in this pilot study may not be enough
for imaging larger breasts. In the future, we may combine multiple regional images to cover
the entire flap area or improve scDCT design to enlarge the ROI. The optical properties of
skin flaps were assumed from the literature73, which may vary across patients. We are
currently developing new algorithms to simultaneously extract blood flow, tissue
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absorption coefficient, reduced scattering coefficient, and tissue oxygenation using scDCT
data taken at multiple S-D separations, multiple wavelengths, and multiple exposure
times66, 74, 119. Imaging of both blood flow and oxygenation distributions is expected to
provide a better prediction of MSFN than a single parameter alone. We are also developing
fast reconstruction methods with parallel computations by the graphics processing units
(GPU) for near real-time image reconstruction72, 120, 121.
In conclusion, this pilot study demonstrates the feasibility and capability of our
innovative scDCT system for intraoperative imaging of blood flow distributions in
mastectomy skin flaps. Significant correlations were observed between the scDCT and
SPY-PHI measurements around the ischemic areas, suggesting that scDCT provides vital
information for intraoperative assessment of mastectomy skin flaps. In contrast to the dyebased fluorescence angiography for 2D mapping of ICG perfusion, our scDCT allows for
noninvasive (dye-free) and direct imaging of blood flow distributions at different depths
(i.e. 3D imaging), which might be a better biomarker for predicting MSFN. With further
optimization and validation, scDCT is expected to be ultimately used as an inexpensive
and portable imaging tool in the clinical setting for perioperative assessments of
mastectomy skin flap viability.
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CHAPTER 4. NONINVASIVE NONCONTACT SPECKLE CONTRAST DIFFUSE
CORRELATION TOMOGRAPHY (SCDCT) OF CEREBRAL BLOOD FLOW (CBF) IN
RATS
This chapter is presented based on a published paper 1: C. Huang, S. Mazdeyasna,
L. Chen, E. G. Abu Jawdeh, H. S. Bada, K. E. Saatman, L. Chen, G. Yu, “Noninvasive
Noncontact Speckle Contrast Diffuse Correlation Tomography of Cerebral Blood Flow in
Rats”, NeuroImage, Volume 198, Pages 160-169 (2019).
4.1

Introduction

Cerebral blood flow (CBF) is tightly coupled with neural activities and instantly
regulated to meet brain metabolic demands. Cerebral hyper-perfusion (excessive CBF) can
raise intracranial pressure, induce headache or hemorrhage, while cerebral hypo-perfusion
(insufficient CBF) can lead to depression of cortical function or ischemic injury. Therefore,
continuous and longitudinal monitoring of CBF variations is crucial for understanding
pathological mechanisms and developing medical interventions for a variety of
neurological and cerebral diseases. Small rodents (mice and rats) have been the leading
model organisms used in preclinical neuroscience research 122-126. Since their introduction
to the laboratory more than one century ago, rodents still make up 95% of the animal
models used in biomedical research today. Mice have a more prominent role compared to
rats due to the availability of a much larger genetic toolbox, while rats are closer to humans
(especially neonates) compared to mice.
Technologies capable of imaging CBF in both animals and humans are critically
needed for translational studies of cerebral diseases, which are often associated with
regional cerebral ischemia and hypoxia. In contrast to large imaging modalities such as
computer tomography (CT), magnetic resonance imaging (MRI) and positron emission
tomography (PET), optical instruments are fast, continuous, inexpensive, and portable 1271

Dr. Huang is the first author of this manuscript, He was a Research Scientist at the time of the publication.
As the second author, I participated in the optimization and adaptation of the downscaled scDCT system. I
contributed to instrument optimization, data collection, and result interpretation.
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132

. Near-infrared (NIR) based optical imaging techniques, such as traditional diffuse

optical tomography (DOT) and more recently developed diffuse correlation tomography
(DCT), have been used as noninvasive bedside means for continuous monitoring of
cerebral blood oxygen saturation (StO2) and CBF, respectively 30, 128, 129, 133-137. However,
most DOT/DCT systems lack the combination of spatial resolution and wide field-of-view
(FOV) sufficient to image spatially distributed brain functions. A few high-density DOT
systems use numerous discrete sources and detectors coupled with fiber bundles to a head
cap/helmet, facilitating improved spatial resolution over a large FOV and better separation
of cerebral signals from overlaying scalp and skull 138-140. However, expanding the FOV to
cover a significant portion of the head introduces great challenges in high-channel-count
instrumentation, fiber-optic-scalp coupling, and data quality management 31, 51, 138-140. Also,
DCT devices employ a limited number of very expensive single-photon-counting
avalanche photodiodes (APDs) for blood flow detection, leading to a high instrument cost
and poor temporal-spatial resolution 31, 51.
Using charge-coupled devices (CCDs) with thousands of 2D array pixels, highdensity sampling can be achieved quickly

141

. With unfocused wide-field illumination,

CCDs have been used in microscopy to map 2D distributions of cerebral oxygenation (via
optical intrinsic signal imaging: OIS technique)

142, 143

or CBF (via laser speckle contrast

imaging: LSCI technique) 144, 145 in cerebral cortexes of rodents (mice or rats), where their
scalps must be retracted to expose the skull and thicker skulls (rats) have to be thinned. In
related mesoscopic imaging work, spatial frequency domain imaging (SFDI) and
structured illumination diffuse optical tomography utilize structured wide-field
illumination patterns and CCD detections to probe different depths of tissues up to a few
millimeters

146-148

. However, thus far, approaches with wide-field illumination and CCD

detection have limited imaging penetration depths and thus are inadequate for noninvasive
imaging of human brains including through the intact scalp and skull of neonates.
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There have been recent advancements towards using point illumination and CCD
detection of spatial diffuse speckle contrasts to facilitate rapid measurements of blood flow
variations in relatively large and deep tissue volumes. These advanced techniques include
diffuse speckle contrast analysis (DSCA), speckle contrast optical tomography (SCOT),
and speckle contrast diffuse correlation tomography (scDCT). DSCA uses optical fibers to
deliver laser light and guide the detection of camera sensor, thus enables contact and
spectroscopic (not tomographic) measurements of tissue blood flow with fiber-optic probes
40-43

. Transmission-based SCOT extends the concept with an analytical semi-infinite

approximation for 3D image reconstruction of flow distributions in tissue-simulating
phantoms

44

. However, transmission measurements are not always practical for in vivo

studies (e.g., imaging entire rat heads) due to the limitation of penetration depth. Our group
has developed a novel noncontact reflectance-based scDCT technique (US Patent
#9861319, 2016-2036) for 3D imaging of blood flow distributions in relatively large/deep
tissue volumes with arbitrary boundaries

45-47

. We have tested the scDCT system for 3D

imaging of flow distributions in tissue-simulating phantoms, human forearms, human
burned/wound tissues, and human mastectomy skin flaps

45-47

. Results from these

measurements indicate that the scDCT enables a fast and high-density 3D imaging of blood
flow distributions with an adjustable depth ranging from 0 to 10 mm over an adjustable
region of interest (ROI).
The goal of the present study was to adapt this innovative scDCT system for
noninvasive, continuous, and longitudinal imaging of CBF variations in rat brain through
intact scalp and skull. In contrast to large ROIs (up to 100 × 100 mm2) used in our previous
studies for imaging large and deep human tissue volumes, a smaller ROI is required for
imaging relatively smaller rat heads (~20 × 20 mm2). Thus, we modified the scDCT system
and optimized the data processing algorithms for imaging CBF in rats. The performance of
this optimized scDCT system was tested for continuous 3D imaging of CBF variations in
rats during CO2 inhalations (increasing CBF) and during unilateral and bilateral transient
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ligations of carotid arteries (reducing CBF). Furthermore, 2D maps of CBF generated from
the same datasets were compared to 3D images to evaluate the impact of partial volume
effects from the top layer of scalp and skull on deep brain signals. In addition, the
longitudinal imaging capability was examined by intermittent monitoring of CBF
variations in a rat over a 14-day recovery period after 1-hour ischemia-reperfusion stroke.
To the best of our knowledge, this paper reports a first noncontact 3D tomographic system
that enables continuous and longitudinal 3D imaging of regional CBF distributions and
variations in rat brain through intact scalp and skull.
4.2

Methods

4.2.1 Modified scDCT system
4.2.1.1 scDCT Prototype and Modifications
Details for the scDCT prototype and its developments were discussed in our
previous chapters and can be found in our previous publications 45-47, 149. Figure 4.1 shows
the scDCT system for noncontact imaging of CBF in rats. Briefly, a galvo mirror (GVS002,
Thorlabs) was used to deliver point-source NIR light generated from a long coherence laser
(785 nm, CrystaLaser) to multiple source positions (Figure 4.1a and Figure 4.1b). An
Electron Multiplying CCD (EMCCD) (Cascade 1K, Photometrics) was used to detect
spatial speckle contrasts in a selected ROI (Figure 4.1c). A long-pass filter (>750 nm,
EdmundOptics) was installed in front of the EMCCD to minimize the influence of ambient
light. A pair of polarizers (LPNIRE050-B and LPNIRE200-B, Thorlabs) were added
crossing the source and detection paths to reduce the source reflection directly from the
tissue surface. A zoom lens (Zoom 7000, Navitar) was connected to the EMCCD camera
for adjusting the size of the ROI. The fully noncontact probe was fixed on a rotating holder
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for easy adjustment and alignment. All measurements in this study utilized an exposure
time of 5 ms, and the F-number of the detection zoom lens was set as 11 to meet the Nyquist
sampling rule 23.

Figure 4-1: A modified scDCT system for imaging of CBF in rats.
(a) Experimental setup for noncontact cerebral imaging of a rat. (b) Optical design of the
modified scDCT. An iris was used to limit the size of light spot. (c) Rat hair was shaved
and removed with hair cream to expose a ROI of 20 × 20 mm2 on the rat head. 5 × 5 sources
(circles) and 21 × 21 detectors (crosses) were evenly distributed within the ROI to acquire
boundary flow data for 3D image reconstruction.
In this study, the scDCT prototype was downscaled for imaging the small rat head
with a limited area of ~20 × 20 mm2 (Figure 4.1c). A major challenge in this downscaling
was to achieve a sufficient spatial sampling density (i.e., with enough source-detector pairs)
over a small ROI while maintaining good SNRs. For this purpose, a lever-actuated iris
diaphragm (SM05D5, Thorlabs) was installed in the source path (Figure 4.1b) and the iris
(diameter ≈ 3.5 mm) was opened approximately one half of its full aperture to confine the
light spot diameter to be less than 0.5 mm. This modification allowed the scDCT to have
sufficient number of source positions (without any overlaps across sources) distributed
over a small ROI. Furthermore, we optimized the exposure time of EMCCD camera (5 ms)
to obtain effective S-D separations ranging from 2 to 8 mm over the small ROI111.
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4.2.1.2 Data Acquisition and Processing
Figure 4.2 shows the flowchart for data acquisition and processing to obtain
relative CBF (rCBF). To trade off the temporal and spatial resolution, 25 source positions
(5 × 5) were selected to cover a ROI of ~20 × 20 mm2 on rat head. The total sampling time
for scanning over the 25 source positions was 20 seconds. The scDCT data were
continuously collected via sequencing the source positions (adjusting the galvo mirrors
electronically), and two frames were taken at each source location for averaging to improve
SNRs.
Raw images were first preprocessed to correct EMCCD camera noises including
dark noise, shot noise, and smear distortion47,

50, 63

. The speckle contrast 𝐾𝐾𝑠𝑠 (𝒓𝒓) was

quantified by calculating the ratio of spatial standard deviation (𝜎𝜎𝑠𝑠 ) and mean intensity 〈𝐼𝐼 〉:

𝐾𝐾𝑠𝑠 (𝒓𝒓) = 𝜎𝜎𝑠𝑠 /〈𝐼𝐼 〉, in a pixel window of 7 × 7 pixels on the EMCCD camera. We then

averaged 𝐾𝐾𝑠𝑠 (𝒓𝒓) values over 3 × 3 adjacent pixel windows in an area of 0.04 × 0.04 mm2
(as a single detector) to improve detection SNRs. The scDCT collected speckle contrast

data (𝐾𝐾𝑠𝑠 (𝒓𝒓)) at all S-D pairs on tissue surface (i.e., tissue boundary). The spatial resolution
depends on the sampling density on tissue boundary, i.e., the number of S-D pairs per unit
area. Averaging more pixel windows would result in one detector with a larger detection
area (associated with a higher SNR) but a lower detection density (associated with a lower
spatial resolution). A blood flow index (𝐵𝐵𝐵𝐵𝐵𝐵(𝒓𝒓)) on tissue boundary was then extracted

through the nonlinear relation between the boundary 𝐵𝐵𝐵𝐵𝐵𝐵(𝒓𝒓) and 𝐾𝐾𝑠𝑠 (𝒓𝒓), measured by a

defined detector. Derivation of this nonlinear relation can be found in our recent
publication63.
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Figure 4-2: Data processing flowchart for generating 2D and 3D images of rCBF.
4.2.1.3 2D Mapping of CBF
The boundary BFIs were normalized to their baseline values to obtain rCBF. 2D
images were generated by simply averaging boundary rCBF data obtained from the
effective S-D separations of 2 to 8 mm, which were determined experimentally on standard
homogenous tissue-simulating phantoms (see Section 4.2.2.1). To balance the spatial
resolution and computation time for 2D mapping, 81 × 81 detectors (not shown in Figure
4.1c) were selected over the selected ROI with the effective S-D separations ranging from
2 to 8 mm. The time to compute a 2D image was less than 10 seconds.

4.2.1.4 3D Image Reconstruction of CBF
To balance the spatial resolution and computation time, 21 × 21 detectors (Figure
4.1c) were defined in the selected ROI for 3D reconstruction. With this optimal
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configuration, the distance between two adjacent detectors was 1 mm. This allowed to
arrange 441 detectors without overlaps in a small ROI on rat head (see Figure 4.1b). The
boundary BFIs obtained from the effective S-D pairs (2 to 8 mm) were inserted into a
modified NIRFAST program that was developed previously in our laboratory for expedient
finite-element-method (FEM)-based scDCT tomographic reconstructions50, 53, 63.
The FEM-based approach in NIRFAST recast the reconstruction into a nonlinear
optimization problem115. A median filter of level 2 was used to stabilize inherent
experimental noises. The modified-Tikhonov regularization and biconjugate gradient
stabilized iterative inversion scheme were implemented in NIRFAST for Jacobian
construction. A regularization value λ of 10 was selected empirically. A projection error
change of < 2% was set as a stopping criterion for iterations; each image was reconstructed
with 6-8 iterations of Jacobian function.
The image reconstruction was processed in a 24 × 24 × 15 mm3 slab mesh with 1
mm distance nodes (~8K nodes in total). The computation time for a single image
reconstruction was ~15 minutes. The rCBF distribution was calculated by normalizing the
reconstructed BFIs at the mesh nodes to their baseline values before the physiological
manipulation.

4.2.2 Experimental Protocols
4.2.2.1 Phantom Experiments to Determine the Effective S-D Pairs for CBF Imaging
The use of tissue-simulating phantoms with known optical properties is a
commonly accepted strategy for optical instrument calibration and validation50, 63, 150. We
have previously conducted experiments in heterogeneous tissue phantoms with the scDCT
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system to demonstrate 3D reconstruction capabilities/sensitivities of the technique for
imaging targets with flow contrasts at the maximal depth of ~10 mm50, 63. In this study,
homogenous Intralipid phantoms were used to calibrate effective S-D separations with the
expectation that Intralipid particle flow was uniform everywhere inside the liquid solution.
The Intralipid molecule (particle) has a similar size of red blood cell. Thus, Brownian
motions of Intralipid molecules (i.e., Intralipid particle flow) inside the liquid phantom
mimic movement of red blood cells (i.e., blood flow) in a bulk tissue volume. In the
phantom, concentration of Intralipid molecules controls light scattering (𝜇𝜇𝑠𝑠′ ) while
concentration of India ink controls light absorption (𝜇𝜇𝑎𝑎 ). Optical properties of the

homogeneous phantom were initially set as 𝜇𝜇𝑎𝑎 = 0.025 cm-1 and 𝜇𝜇𝑠𝑠′ = 8 cm-1 to match
realistic tissues50, 63. The homogeneous liquid phantom with a constant Intralipid particle

flow was measured by the scDCT and boundary flow indices measured at different S-D
pairs were evaluated to determine valid S-D separations for generating a stable/constant
flow index.

4.2.2.2 Continuous Imaging of rCBF Variations in Rats during CO2 Inhalations
All experimental procedures involving animals were approved by University of
Kentucky Institutional Animal Care and Use Committee (IACUC). Nine adult male
Sprague-Dawley rats (2-3 months) were imaged in this protocol (Rat #1 to #9). The
noncontact scDCT probe was set up above the rat head for continuous imaging of rCBF
distributions before, during, and after a 10%CO2/90%O2 stimulation for ~10 minutes 151154

. CO2 is a well-known vascular dilator, leading to an increase in CBF. Each rat was

anesthetized with 1-2% isoflurane, and its head was fixed by a stereotaxic frame on a
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heating blanket. Rat hairs were shaved with a clipper and cleaned with hair cream (Figure
4.1c). After ~4-minute baseline recording of scDCT data, the mixed gas of 10%CO2 and
90%O2 was administrated through a rat nose cone using Matheson Mixer Rotameter for
~10 minutes. CO2 was then stopped, and scDCT measurements lasted for another ~10
minutes to record CBF recovery. The rat then returned to its home cage for full recovery
and preparation of next experiment.

4.2.2.3 Continuous Imaging of rCBF Variations in Rats during Transient Artery
Ligations
The nine rats used in the CO2-inhalation experiment underwent transient bilateral
ligations of common carotid artery (CCA) to create subsequent decreases in CBF at left
and right cerebral hemispheres. One rat (Rat #9) was excluded from this protocol because
of surgical complication. The hairs at cervical surgical site were shaved and removed with
hair cream, and all other preparations were the same as described above. For CCA ligations,
the cervical skin was disinfected with Betadine followed by 70% Ethanol. An incision was
cut open along the midline to expose and isolate both left and right CCAs. A 6-0 braided
nylon suture was placed around each CCA with a loose knot. After a baseline scDCT
measurement for ~ 2 minutes, left-side suture was ligated to induce ipsilateral occlusion of
left CCA for ~10 minutes followed by a bilateral ligation of CCAs for another ~2 minutes.
The ligation of right CCA was then released to allow for CBF restoration, and scDCT
measurements continued for another ~2 minutes to record CBF recovery. During the
scDCT measurement, surgical light was removed from the detection field to reduce light
interference.
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4.2.2.4 Longitudinal Imaging of rCBF Variations in a Rat with Stroke
To test the capability of scDCT for longitudinal monitoring of rCBF variations, one
additional rat (Rat #10) undergoing a transient middle cerebral artery occlusion (MCAO)
at left hemisphere was imaged intermittently before, during, and after stroke over a period
of 14 days. The animal preparation for each scDCT measurement was the same as that
described above. For MCAO, left CCA was exposed and isolated. A silicon-rubber coated
5-0 nylon filament was inserted through internal carotid artery and advanced 15 mm
beyond bifurcation to the middle cerebral artery branching domain in the Willie’s circle or
until a firm resistance was felt. Sixty (60) minutes after left MCAO, the filament was
withdrawn allowing for cerebrocortical reperfusion. The scDCT data was recorded
immediately before and after inserting and withdrawing the filament at Day 0. For
longitudinal monitoring, repeated scDCT measurements were performed at post-surgery
days of 1, 3, 5, 9, 14. Each measurement lasted for ~2 minutes and obtained CBF images
were averaged for data analysis and reporting.

4.2.3 Statistical Tests
Paired t-tests were used to evaluate differences in rCBF variations between
different phases of stimuli (CO2 inhalations and artery ligations) and spatial differences in
rCBF variations between different layers of head tissues (i.e., scalp/skull versus cerebral
cortex) or different hemispheres. The p < 0.05 was considered statistically significant. In
addition, the Hedges’ g for paired data was calculated as a measure of effect size (ES) to
quantify the magnitude of difference between groups
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155

. The corresponding 95%

confidence interval (CI) was also calculated. An ES > 0.8 was considered as a large
magnitude of difference 156.

4.3

Results

4.3.1 Effective S-D Pairs Determined by Tissue-simulating Phantom Experiments
A homogenous phantom with constant Intralipid particle flow was used to evaluate
and calibrate the modified scDCT instrument. Figure 4.3a illustrates S-D arrangements
including four detector arrays (yellow bars) nearby the selected two sources (S1 and S2)
over a ROI of 20 mm × 20 mm. The right and bottom detector arrays were linked to S1 and
the left and top detector arrays were linked to S2. Each detector array consisted of 24
detectors, which were 0.5 to 12 mm away from the source center with an interval of 0.5
mm. The relative flow values of Intralipid particles inside the liquid solution (Figure 4.3a)
were generated by normalizing flow indices at different S-D separations to their mean value
as the reference. Thus, the observed stable/constant flow values at the effective S-D
separations of 2-8 mm were with respect to other S-D separations. Means ± standard
deviations of relative flow values were 104 ± 10%, 103 ± 15%, 95 ± 8%, 99 ± 5% for left,
right, top, and bottom detector arrays, respectively. Similar results were observed from
other S-D links with the same range of S-D separations (i.e., from 2 to 8 mm) at different
locations (data are not shown). Figure 4.3b illustrates the linear relation between the
logarithmic scale of light intensities (counts) and S-D separations over the two sources (S1
and S2) and four detector arrays. Figure 4.3c shows theoretical and measured 𝐾𝐾𝑠𝑠 (𝒓𝒓)

distributions at different S-D separations across the source S2 and left detector array. All
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these results suggested that data obtained from the effective S-D separations of 2-8 mm
matched the expectations.

Figure 4-3: Boundary flow distributions of homogeneous phantom.
(a) Boundary flow distributions over the selected sources (S1 and S2) and detector arrays.
Each detector array consisted of 24 detectors and S-D separations ranged from 0.5 to 12
mm with an interval distance of 0.5 mm. Intralipid flow indices were normalized to their
mean value to generate relative flow values for presentation. (b) Light intensities over the
two sources (S1 and S2) and four detector arrays were logarithmically related to S-D
separations. (c) Theoretical and measured 𝐾𝐾𝑠𝑠 (𝒓𝒓) distributions at different S-D separations
across the source S2 and left detector array.
4.3.2 CBF Responses in Rats during CO2 Inhalations

Figure 4.4a shows a white light image of the rat head (hairs were shaved) with a
dotted line representing the middle line of rat head. Figure 4.4b and Figure 4.4c show
typical 2D blood flow maps and corresponding time-course changes in rCBF before,
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during, and after CO2 inhalation in one rat (Rat #5). Figure 4.4d displays average timecourse changes in rCBF over 9 rats. Table 4.1 summarizes rCBF changes and
corresponding p and ES (with 95% CI) values at different phases of CO2 stimulation,
relative to their baseline values before CO2 inhalation (assigning ‘100%’). As expected, a
significant increase in rCBF (mean ± standard error: 115 ± 7%, p < 10-3; ES=2.19, 95%
CI=0.93 to 3.46) over all subjects was observed during CO2 inhalation compared to its
baseline value.

Figure 4-4: 2D mapping of rCBF responses to CO2 inhalation.
(a) A white light photo of the rat head (hairs were shaved) with a dotted line representing
the middle line of rat head. (b) 2D rCBF maps before, during and after CO2 inhalation in
an illustrative rat (Rat #5). The dimension of the dashed box (20 mm × 20 mm) is the same
as (a). (c) Time-course rCBF variations in two hemispheres from Rat #5. Error bars
represent standard deviations of regional rCBF. (d) Average time-course rCBF variations
over 9 rats. Error bars represent standard errors of regional rCBF over 9 rats.
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Table 4-1: rCBF changes induced by CO2 inhalations compared to their baselines
(100%) over 9 rats. Bolded differences are insignificant (i.e., p > 0.05).
9 Rats
CO2 Inhalation
Recovery
115 ± 7%
p<10-3; ES=2.19
(0.93, 3.46)

93 ± 8%
p=0.06; ES=0.70
(-0.32, 1.73)

0.5 mm Layer

118 ± 8%
p<10-3; ES=2.16
(1.73, 4.68)

98 ± 8%
p=0.40; ES=0.18
(-0.81, 1.18)

3.0 mm Layer

119 ± 8%
p<10-3; ES=2.30
(1.01, 3.60)

102 ± 5%
p=0.25; ES=0.39
(-0.61, 1.40)

Between
Layers

p=0.60; ES=0.17
(-0.82, 1.17)

p=0.02; ES=0.93
(-0.11, 1.99)

2D Maps

3D
Images

Figure 4.5a shows the cross-section views of 3D images at the depths of 0.5 mm
and 3.0 mm, respectively, reconstructed from the same rat (Rat #5). Based on the photon
diffusion theory, the maximum penetration depth of NIR light into biological tissues is
approximately one half of the S-D separation150. Due to the limit of ROI on a small rat
head, the effective S-D separations of the modified scDCT range from 2 to 8 mm.
According to the anatomy of rat head (0.5 mm scalp thickness and 1 mm skull thickness)157,
a penetration depth of 3 mm reaches the surface of rat brain cortex while a depth of 0.5 mm
reaches rat scalp/skull. Figure 4.5b and Figure 4.5c show the time-course changes in rCBF
during CO2 inhalation in both layers of Rat #5 and over all 9 rats. The summary of rCBF
changes in different layers is also included in Table 4.1. Significant increases in blood flow
were observed in both depths of 0.5 mm (118 ± 8%; p < 10-3; ES = 2.16, 95% CI = 1.73 to
4.68) and 3.0 mm (119 ± 8%; p ≤ 10-3; ES = 2.30, 95% CI = 1.01 to 3.60), while no
significant differences were observed between the two layers (p = 0.60). There tended to
be a difference between layers during the recovery stage (p = 0.02; ES = 0.93, 95% CI = 61

0.11 to 1.99). These results verified that CO2 worked as a vascular dilator to induce a global
increase of blood flow in both scalp/skull and brain tissues.

Figure 4-5: 3D imaging of rCBF responses to CO2 inhalation.
(a) Cross-section views of 3D flow images at the depths of 0.5 mm (scalp/skull) and 3.0
mm (cerebral cortex) before, during, and after CO2 inhalation in an illustrative rat (Rat #5).
(b) Time-course rCBF changes in two depths from Rat #5. Error bars represent standard
deviations of regional rCBF. (c) Average time-course rCBF variations over 9 rats. Error
bars represent standard errors of regional rCBF over 9 rats.
4.3.3 CBF Responses in Rats during Unilateral and Bilateral CCA Ligations
Figure 4.6a and Figure 4.6b show typical 2D blood flow maps in a rat (Rat #3)
and corresponding time-course changes in rCBF at different phases of CCA ligations,
including baseline, left-ligation, bilateral-ligation, and the release of right-ligation. The two
dashed squares of 10 × 10 mm2 regions shown in Figure 4.6a and Figure 4.7a correspond
to the left and right hemispheres, respectively. Figure 4.6c displays average time-course
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changes in rCBF over 8 rats. Table 4.2 summarizes rCBF changes and corresponding p
and ES (with 95% CI) values at different phases of ligations. Significant differences in
rCBF were observed at all stages of ligations in left and right hemispheres (p ≤ 0.01).
Between two hemispheres, both the unilateral ligation and recovery stages resulted in
significant difference (p ≤ 0.002). All these significant differences had large ES (Table
4.2). No significant difference between two hemispheres was observed during the bilateral
ligation (p = 0.051).

Figure 4-6: 2D mapping of rCBF responses to sequential unilateral and bilateral CCA
ligations.
(a) 2D rCBF maps before, during, and after unilateral and bilateral ligations in an
illustrative rat (Rat #3). The regions used to average CBF values corresponding to each
hemisphere are marked with the dashed squares. (b) Time-course rCBF variations in two
hemispheres from Rat #3. The blue dashed boxes represent the time of the images in Figure
4.6a. Error bars represent standard deviations of regional rCBF. (c) Average time-course
rCBF variations in two hemispheres over 8 rats. Error bars represent standard errors of
regional rCBF over 8 rats.
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Table 4-2: rCBF changes during unilateral and bilateral CCA ligations compared to
their baselines (100%) over 8 rats. Bolded differences are insignificant.
8 Rats
Left Ligation
Bilateral
Release
Ligation
Right
Ligation
69 ± 4%
50 ± 5%
66 ± 5%
Left
p<10-3;
p<10-3; ES=9.82
p<10-3;
ES=7.01
(5.94, 13.70)
ES=6.21
2D
(4.15, 9.88)
(3.62, 8.79)
Maps
95 ± 3%
56 ± 5%
80 ± 6%
Right
p=0.01;
p<10-3; ES=7.71
p<10-3;
ES=1.15
(4.59, 10.82)
ES=3.31
(0.01, 2.31)
(1.66, 4.96)
Between
p<10-3;
p=0.051;
p=0.002
Hemispheres
ES=4.21
ES=0.78
ES=1.52
(2.28, 6.13)
(-0.32, 1.90)
(0.30, 2.74)
85 ± 3%
61 ± 7%
62 ± 9%
-3
-3
Left
p<10 ;
p<10 ; ES=5.39
p<10-3;
ES=5.14
(3.08, 7.70)
ES=4.09
(2.91, 7.37)
(2.20, 5.98)
0.5 mm
95 ± 4%
58 ± 7%
93 ± 8%
Layer
Right
p=0.06;
p<10-3; ES=5.89
p=0.054;
ES=1.01
(3.41, 8.37)
ES=0.81
(-0.12, 2.15)
(-0.29, 1.93)
Between
p<10-3;
p=0.45; ES=0.26
p<10-3;
Hemispheres
ES=3.09
(-0.81, 1.34)
ES=4.16
3D
(1.50, 4.68)
(2.25, 6.07)
Images
35 ± 9%
32 ± 11%
41 ± 12%
-3
-3
Left
p<10 ;
p<10 ; ES=6.04
p<10-3;
ES=7.09
(3.51, 8.57)
ES=4.56
(4.19, 9.98)
(2.52, 8.59)
84 ± 6%
34 ± 10%
84 ± 11%
-3
-3
3.0 mm
Right
p<10 ;
p<10 ; ES=6.05
p=0.003;
Layer
ES=2.61
(3.52, 8.59)
ES=1.42
(1.15, 4.07)
(0.22, 2.62)
Between
p<10-3;
p=0.56; ES=0.20
p<10-3;
Hemispheres
ES=4.50
(-0.87, 1.27)
ES=2.22
(2.48, 6.52)
(0.85, 3.58)
Left
p<10-3;
p<10-3; ES=2.22
p=0.007;
ES=5.49
(0.86, 3.59)
ES=1.25
Between
(3.15, 7.84)
(0.08, 2.43)
Layers
Right
p<10-3;
p<10-3; ES=2.00
p=0.03;
ES=2.27
(0.68, 3.31)
ES=2.22
(0.89, 3.64)
(0.85, 3.58)
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Figure 4.7a shows the cross-section views of 3D images at the depths of 0.5 mm
and 3.0 mm, respectively, reconstructed from the same rat (Rat #3). As stated, these two
depths (0.5 mm and 3.0 mm) beneath the head skin represent the tissues in the scalp/skull
and cerebral cortex. Figure 4.7b and Figure 4.7c show the time-course changes in rCBF
at different phases of ligations in both layers of Rat #3 and over all 8 rats. The summary of
rCBF changes in different layers is also included in Table 4.2. As expected, sequential
CCA ligations (i.e., left-ligation and bilateral-ligation) resulted in gradient rCBF decreases
in the corresponding ligated hemisphere(s). Significant changes in rCBF were found at all
stages of ligations in both layers of the ligated hemisphere(s) (p < 10-3). By contrast, there
were no significant changes in the surface layers of the contralateral right hemisphere at
the stages without ligation (p = 0.06 and p = 0.054), likely due to the collateral circulation
through the circle of Willis. However, significant rCBF decreases were observed in the
deep layers of the contralateral hemisphere (p < 10-3) during bilateral ligations, indicating
global ischemia. Moreover, significant rCBF differences were observed between the two
hemispheres at the unilateral ligation and recovery stages (p < 10-3) and between the two
layers (p ≤ 0.03), respectively. All the observed significant differences had large ES (Table
4.2). Insignificant rCBF differences were observed between the two hemispheres during
the bilateral ligation in both layers of 3D images (p = 0.45 and p = 0.56) and in 2D images
(p = 0.051).
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Figure 4-7: 3D imaging of rCBF responses to sequential unilateral and bilateral CCA
ligations.
(a) Cross-section views of 3D flow images at the depths of 0.5 mm (scalp/skull) and 3.0
mm (cerebral cortex) before, during, and after unilateral and bilateral ligations in an
illustrative rat (Rat #3). (b) Time-course rCBF variations in two hemispheres from Rat #3.
Error bars represent standard deviations of regional rCBF. The dashed boxes represent the
time of the images in Figure 4.7a. (c) Average time-course rCBF variations in two
hemispheres over 8 rats. Error bars represent standard errors of regional rCBF over 8 rats.
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4.3.4 Longitudinal CBF Responses to Unilateral MCAO in a Rat
3D images of CBF variations in a rat (Rat #10) before, during, and 14 days after
60-minute unilateral MCAO were reconstructed using the same method described above
(data are not shown). Figure 4.8 shows time-course rCBF changes before, during, and after
MCAO-induced stroke in two layers (0.5 mm and 3.0 mm) of both hemispheres.
Substantial rCBF decreases were observed in the two layers of ipsilateral side after
inserting the filament into left internal carotid artery, especially in the brain layer (-70%).
After withdrawing the filament, rCBF recovered gradually toward its baseline. From 9 to
14 days after stroke, rCBF values in different layers of two hemispheres tended to be
similar, although they were still lower than the pre-stroke values.

Figure 4-8: Longitudinal monitoring of rCBF responses to unilateral MCAO.
Time-course rCBF changes at the depths of 0.5 mm (scalp/skull) and 3.0 mm (cerebral
cortex) of both hemispheres in a rat (Rat #10) before, during, and 14 days after MCAOinduced stroke in the left hemisphere. Error bars represent standard deviations of regional
rCBF.
4.4

Discussion and Conclusions
We have modified, optimized, and tested a fully noncontact scDCT system that

allows for noninvasive, continuous, and longitudinal imaging of CBF variations in rat brain
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through intact scalp and skull (Figure 4.1). In scDCT, a galvo mirror is used to remotely
and rapidly project point NIR light to different source positions and an EMCCD camera
with numerous pixels/detectors is used to detect boundary diffuse speckle contrasts,
resulting from motions of red blood cells (i.e., CBF). The focused NIR point source
illuminations facilitate relatively deep probing depth into rat brain through intact scalp and
skull. Also, thousands of parallel pixels/detectors provided by the EMCCD camera
significantly improve SNRs (via averaging pixels/detectors) and temporal/spatial
resolution, and greatly reduce device cost and dimensions. In addition, the unique scDCT
measurement with a fully noncontact scheme avoids the difficulties of the fiber-optic probe
installation on a small rat head and eliminates potential disturbance of a contact probe on
cerebral hemodynamics. The noninvasive, noncontact, and easy-to-operate capability of
scDCT is particularly useful for continuous, frequent, and longitudinal cerebral
monitoring. Moreover, scDCT works in the reflectance configuration with an adjustable
ROI, rapid and robust data acquisition, and flexible S-D arrangements. The reflectancebased operation increases the applicability of scDCT to large subjects (e.g., human
neonates) where transmission is not feasible, thereby promoting translatability between
small animals and human subjects.
The scDCT system has been optimized for continuous cerebral imaging in rats. To
image a rat head with a small detection area (20 × 20 mm2), an adjustable iris diaphragm
was added into the source path to optimize the intensity and spot size of incident light. To
balance temporal and spatial resolution, reduce computation time, and achieve sufficient
SNRs, the numbers of sources and detectors were optimized for 2D and 3D imaging,
respectively. In 3D reconstruction, we optimized the parameters/configuration in
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NIRFAST, including medium filter, mesh/node size, regularization value, and stopping
criteria. In 2D mapping, we averaged boundary data collected at the effective S-D
separations of 2-8 mm to generate a 2D map over a depth up to ~4 mm (i.e., one half of the
S-D separation).
To calibrate the modified scDCT system, homogenous Intralipid phantoms were used
optimize camera exposure time and determine effective S-D separations with the
expectation that Intralipid particle flow was uniform in the liquid solution (Figure 4.3).
The scDCT technique inherits the concept of LSCI for blood flow measurements on tissue
surface. A previous study has experimentally compared measurement sensitivities and
SNRs of LSCI with exposure times ranging from 1 to 20 ms 34, and verified the optimal
exposure time of 5 ms. Similarly, we have compared our scDCT measurement results in
homogenous tissue phantoms at exposure times of 1, 2, and 5 ms111. Data obtained with
the exposure time of 5 ms generate the most stable/constant relative flow values at effective
S-D separations of 2 to 8 mm. The results shown in Figure 4.3 verify that data obtained at
S-D separations of 2 to 8 mm are constant and stable.
The larger flow variation observed at shorter S-D separations of < 2 mm is likely due
to the violation of photon diffusion approximation. The greater flow variation observed at
larger S-D separations of > 8 mm is likely due to lower level of SNRs (with lower light
intensities detected). Using boundary data at short S-D separations of 2 to 8 mm may cause
reconstruction errors due to violation of photon diffusion approximation in NIRFAST.
However, our results in phantom tests (Figure 4.3) and in vivo studies (Figure 4.5 and
Figure 4.7) demonstrate the success of scDCT in 3D reconstruction of flow distributions.
In addition, previous studies with conventional DCT or SCOT have also used short S-D
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separations of 2.7-10 mm 132 or 0.5-3 mm 130 for 3D imaging of CBF distributions in rats
or mice.
After calibrating the modified scDCT system using standard tissue-simulating
phantoms (Figure 4.3), we tested the capability and sensitivity of scDCT for continuous
and longitudinal monitoring of global/regional cerebral hyper-perfusion/hypo-perfusion
and post-operation recovery in rats undergoing transient cerebral hyperemia (via CO2
inhalation) and cerebral ischemia (via CCA ligations or MCAO). The 10% CO2 inhalation
induced significant increases in rCBF from the baseline of 100%: +15% (115 ± 7%) in 2D
maps; +18% (118 ± 8%) and +19% (119 ± 8%) in the top (scalp/skull) and bottom (brain)
layers of 3D images, respectively (Figure 4.4, Figure 4.5, and Table 4.1). These results
are expected in a healthy population, as the increased CO2 induces cerebrovascular dilation,
leading to a global increase in blood flow all over the head. The small variation in rCBF
increases between the results in 2D and 3D images (from +15% to +19%) was likely due
to the methodology difference (i.e., 2D versus 3D).
Previously, 10%CO2 inhalation induced ~+47% (47 ± 11%) CBF increases in 7 rats
measured by arterial-spin-labeling (ASL)-MRI
increases in 11 rats measured by LDF

159

158

and ~+35% (35.1 ± 6.3%) CBF

. Another study using DCS found ~+25% CBF

increases in 7 rats with a continuous inhalation of 5% to 7.5% CO2 for ~10 minutes 160. We
found in the present study that 10%CO2 inhalation for 10 minutes induced ~+19% (119 ±
8%) CBF increases in 9 rats (Table 4.1). The CBF responses to CO2 inhalation measured
by the DCS (~+25%) and scDCT (~+19%) are similar. Comparing to the measurement
results by the ASL-MRI (~+47%) and LDF (~+35%), the underestimation of CBF
increases by the DCS and scDCT (<~25%) was likely due to partial volume effects from
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overlaying skulls (lack of blood flow) on CBF measurements. In the future, we will explore
optimizing 3D reconstruction algorithms (e.g., adding sensitivity correction factors along
depths) to further reduce this effect/artifact

161

. Moreover, we will implement blood gas

tests in our future studies to further verify CBF measurement results. However, our
noninvasive and portable scDCT has obvious advantages over the ASL-MRI (large and
expensive instruments) as well as the LDF and DCS (spectroscopic measurements with
invasive retraction of scalps/skull).
The capability of scDCT for continuous imaging of regional rCBF variations was
then examined in rats undergoing sequential unilateral and bilateral CCA ligations. The
unilateral left-CCA ligation created significant decreases in ipsilateral (left) rCBF from the
baseline of 100%: -31% (69 ± 4%) in 2D maps; -15% (85 ± 3%) in the top layer
(scalp/skull) of 3D images; and -65% (35 ± 9%) in the bottom (brain) layer of 3D images
(Figure 4.6, Figure 4.7, and Table 4.2). The sequential bilateral CCA ligation induced
greater decreases in rCBF at left and right hemispheres, respectively: -50% (50 ± 5%) and
-44% (56 ± 4%) in 2D maps; -39% (61 ± 7%) and -35% (65 ± 10%) in the top layer
(scalp/skull) of 3D images; and -68% (32 ± 11%) and -66% (34 ± 10%) in the bottom
(brain) layer of 3D images. Our reconstructed 3D images covered depths spanning from
superficial skull and scalp to deeper cerebral cortex. Since the top layers of skull and scalp
were less affected by the CCA ligations as they received a collateral supply from the
vertebral artery, smaller CBF decreases were observed in the top scalp/skull layer
compared to the bottom brain layer. Compared to 3D reconstruction results, 2D mapping
resulted in an underestimation of rCBF responses in deep brain tissues and an
overestimation in top scalp/skull tissues (i.e., partial volume effects). This is not surprising
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as results from 2D mapping are overlapped mixture signals from the top scalp/skull to the
deeper brain. Partial volume effects were also observed in 2D mapping of CBF responses
at the control (right) hemisphere without ligation (Table 4.2). Nonetheless, significant
rCBF differences were observed between the two hemispheres in both 2D maps and 3D
images and between the two layers in 3D images, indicating the sensitivity of scDCT in
detecting regional cerebral hypoperfusion and recovery.
There were a few studies using LDF 162, 163 or conventional DCT 132 to monitor CBF
reductions in rats with acute cerebral artery occlusions. Previously using LDF, Alkayed et
al and Takahashi et al found that CBF levels were reduced from 100% baseline to 18.9 ±
1.4% in 22 rats and 20.8 ± 7.7% in 5 rats during acute MCAO 162, 163. Using a conventional
DCT system, Culver et al found that CBF levels were reduced from 100% baseline to 42 ±
4% in 5 rats during acute MCAO 132. In the present study with scDCT, we observed CBF
reductions of ~-65% (35 ± 9%) in 8 rats during acute unilateral CCA ligation and -70% in
one rat during acute MCAO (see Figures 4.6-4.8 and Table 4.2). Note that both unilateral
CCA ligation and MCAO cut off the CBF in one hemisphere of brain. In summary, the
observed CBF reductions due to acute arterial occlusions were ~-80% (LDF), ~-65 to -70%
(scDCT), and ~-60% (conventional DCT), respectively. It was not surprising that LDF
detected a greatest CBF reduction (-80%) as its probe was installed directly on the cerebral
cortex where the most severe ischemia occurred (eliminating any partial volume effects).
Comparing to the conventional DCT with limited numbers of sources and detectors 132, our
scDCT with high-density sampling provided by the EMCCD camera generated more
accurate results with less partial volume effects from the overlaying scalp and skull on CBF
measurements. Overall, our fully noninvasive scDCT achieved a similar level of
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sensitivity/accuracy as other conventional techniques such as LDF and DCT (requiring
invasive retraction of scalps) in detecting CBF reductions in ischemic rat brains.
The last experiment was designed to test the capability of scDCT for longitudinally
monitoring CBF variations in a rat undergoing unilateral MCAO and long-term recovery
after acute stroke. A substantial decrease in rCBF (-70%) was observed in the brain layer
of ipsilateral hemisphere during a unilateral 60-minute MCAO (Figure 4.8). After the
withdrawal of filament to restore the cerebral perfusion, rCBF recovered gradually towards
pre-stroke baseline over a period of 14 days, although it remained somewhat lower than its
pre-stroke value. Differences in rCBF responses were observed between the two
hemispheres and two layers over the monitoring period, indicating the sensitivity and
stability of scDCT for longitudinal detection of regional cerebral hypoperfusion and
recovery. The trend of rCBF recovery after stroke agrees with that measured by ASL-MRI
in rats 164. In addition, CBF variations over the monitoring period were also associated with
neurological/behavior changes. The rat demonstrated most severe neurological deficit
symptoms one day after stroke, including stiffness of forelimb and mild coordination
dysfunction. The rat recovered gradually in the first week after stroke and behaved
normally at post-stroke Day 14. The noninvasive and noncontact measurements with our
scDCT significantly reduce interference/distraction to cerebral hemodynamics and make it
easy to be used for frequent and longitudinal monitoring.
As expected, 2D mapping of CBF required less computation time (e.g., ~10 seconds
in this study), but was subjected to partial volume effects from overlaying layers of scalp
and skull tissues. By contrast, 3D tomography of CBF reduces partial volume effects, but
needs a longer reconstruction time (e.g., ~15 minutes in this study). Our data shown in
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Figure 4.7 and Table 4.2 support this statement. For example, CBF reductions during
bilateral CCA ligations were -66% to -68% (left hemisphere: 32 ± 11%; right hemisphere:
34 ± 10%) in the brain layers (at the depth of 3 mm) of 3D images, which were greater than
the reductions of -44% to -50% (left hemisphere: 50 ± 5%; right hemisphere: 56 ± 5%)
observed in 2D maps. Note that 2D maps of CBF were calculated in this study via
averaging boundary data at multiple effective S-D separations of 2 to 8 mm, thus
representing mixture signals from the top scalp/skull to the deep brain. Therefore, our 2D
mapping method is different from traditional LSCI technique, which uses a wide-field
illumination and provides 2D maps of CBF on superficial tissues (penetration depth <
1mm).
We note that our innovative scDCT system can be further improved in the future and
extended for other applications. The algorithms for 2D mapping and 3D reconstruction
may be optimized to be faster165 and more robust (e.g., with depth compensation for
denoise)161,

166

. We may also explore absolute BFI measurements by using multiple

exposure times of the camera and/or multiple S-D separations66, 167. Adding other longcoherence laser diodes at different NIR wavelengths would allow for simultaneous imaging
of blood flow and oxygenation distributions 29, 43.
In conclusion, we have downscaled, optimized, and tested an innovative scDCT
system for noninvasive, continuous, and longitudinal imaging of CBF distributions in rat
brains through intact scalp and skull. The continuous dynamic imaging capability of the
system was proven by imaging global CBF increases during CO2 inhalations and regional
CBF decreases during CCA ligations. The regional imaging capability was demonstrated
by imaging CBF distributions across two hemispheres of the brain during sequential
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unilateral and bilateral CCA ligations. The longitudinal imaging capability was shown by
imaging CBF variations over a long recovery period of 14 days after MCAO-induced
stroke. Both 2D and 3D images capture temporal CBF variations precisely. Compared to
the 2D mapping method, the 3D imaging method quantifies CBF distributions more
accurately but needs more computation time for image reconstruction. Moreover, our
results generally agree with those reported in rats with similar experimental protocols. Our
innovative scDCT system provides many unique advanced features including fully
noncontact hardware, rapid data acquisition, adjustable S-D patterns/density over a flexible
ROI/FOV, FEM-based image reconstruction, and a simple low-cost instrument. Most
importantly, scDCT allows for probing depths up to ~10 mm47, 50, 63, 112, which is sufficient
for transcranial brain measurements in small animals (e.g., mouse, rat, piglet) and human
neonates, who have relatively thinner skulls

168, 169

. Ultimately with more future

investigations, we expect to provide a unique, noninvasive, noncontact cerebral imager for
basic neuroscience research in small animal models and translation studies in human
neonates.
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CHAPTER 5. STUDY SUMMARY, LIMITATIONS, AND FUTURE PERSPECTIVES
5.1

Study Summary and My Contributions

Major Contributions. In this dissertation, I described the development and
modification of a multiscale scDCT system for noncontact 3D imaging of deep blood flow
distributions in tissues with varied sizes/scales and irregular geometries (i.e., rat brains and
human mastectomy skin flaps). Most of these results have been published in or submitted
to peer-reviewed journals19, 47, 111, 113. For the studies reported in Chapter 2, I integrated
the PST into the scDCT prototype to obtain subject-specific tissue surface geometry for
blood flow reconstructions47. This modified scDCT system uses a single camera to obtain
both blood flow distribution (scDCT) and tissue surface geometry (PST), thus allowing for
3D imaging of blood flow distributions in tissues with arbitrary geometries. I performed
computer simulations to investigate the influence of tissue surface geometry in blood flow
reconstructions. I also designed and conducted in vivo validation experiments for the
modified scDCT system to image dynamic blood flow changes in human forearms during
artery occlusion on the upper arms. I developed a LabVIEW program with a friendly GUI
to control and synchronize the camera, laser diodes, and LEDs in the scDCT. I created a
subject-specific tetrahedral mesh for blood flow reconstruction using FEM-based program
(i.e., modified NIRFAST). Overall, I led the experimental design, data collection, data
analysis, data interpretation, and manuscript writing.
For the studies detailed in Chapter 3, I further optimized the scDCT system for
intraoperative 3D imaging of blood flow distributions in mastectomy skin flaps19, 47. After
comparing and testing several cameras, we purchased a new sCMOS camera with faster
frame rates and higher quantum efficiency in NIR spectra to improve the SNR and data
quality. I adapted the updated scDCT system for 3D imaging of mastectomy skin flaps
during surgery. I measured blood flow distributions of mastectomy skin flaps in patients
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undergoing mastectomy and breast reconstruction. I also collected blood flow/perfusion
images by both scDCT and SPY-PHI devices in 11 patients. I developed innovative
contour-based algorithm to characterize ischemic flow/perfusion areas/volumes on both
images for comparisons. Significant correlations were observed between the two
measurements. Compared to the commercial ICG angiography (e.g., SPY), our scDCT is
fully noninvasive (dye-free) and time-independent, and provides both 2D and 3D images
of blood flow distributions.
For the studies reported in Chapter 4, I participated in the optimization and
adaptation of a downscaled scDCT system for continuous and longitudinal CBF imaging
in rats with intact scalp and skull111. The modified scDCT system employed an adjustable
iris diaphragm to confine/optimize the size of source light spot. This optimization enabled
scDCT to scan multiple source positions on a small rat head. The capability of the
downscaled scDCT was demonstrated by continuous and longitudinal imaging of CBF
variations in rats during CO2 inhalation, CCA ligations, and unilateral MCAO. Moreover,
the downscaled scDCT was also used for continuous imaging of CBF in mice during CO2
inhalation and CCA ligations19. Note that this project was led by Dr. Huang, a research
scientist in Bio-photonic Laboratory. I was the only graduate student in the relevant
publication111 and contributed to instrument optimization, data collection, and data
interpretation.
Contributions to Other Studies. I have also been involved in the design and
development of a low-cost, wearable, fiber-free diffuse speckle contrast flowmeter (DSCF)
probe, which has the potential to be broadly used for continuous and longitudinal
monitoring of tissue blood flow changes in freely moving subjects69. I also participated in
some clinical studies to assess blood flow distributions in burned wounds112, and brains of
mice19, neonatal piglets and preterm infants.
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5.2

Study Limitations and Future Perspectives

Limitations in specific studies are detailed in each chapter (see Chapters 2-4). In
general, the small number of subjects studied (11 patients and 9 rats) limits our statistical
analyses and study power, which will be addressed by on-going studies with more subjects.
Nevertheless, these pilot studies with timely technology development are important and
necessary steps towards larger studies that would enroll more subjects to further validate
the innovative scDCT technique against established technologies.
There are also technological challenges to be overcome. In the 3D reconstruction
of blood flow distributions, tissue optical properties (e.g., absorption coefficient and
reduced scattering coefficient) are assumed from the literature73, which may vary across
subjects. We are currently developing new algorithms to simultaneously extract blood
flow, tissue absorption coefficient, reduced scattering coefficient, and tissue oxygenation
using scDCT data taken at multiple S-D separations, multiple wavelengths, and multiple
exposure times66,

74, 119

. Imaging of both blood flow and oxygenation distributions is

expected to provide a better hemodynamic assessment than a single parameter alone. We
are also developing fast reconstruction methods with parallel computations by the graphics
processing units (GPU) for near real-time image reconstruction72, 120, 121.
In the future, we will further optimize and validate scDCT technique in animal models
against gold standards. For example, we are currently working on a well-controlled porcine
model of mastectomy skin flaps117, 118 to test the capability of scDCT for predicting MSFN
and consequent complications. We are also investigating scDCT for monitoring of
neurodevelopment in neonatal piglets with intraventricular hemorrhage. We have been also
testing scDCT for translational studies in the clinics, such as imaging blood flow
distributions in burn wounds and mastectomy skin flaps as well as cerebral imaging of
preterm infants in NICUs. Ultimately, we expect that scDCT will become a valuable
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noninvasive imaging tool in basic researches and clinical applications for routine diagnosis
and continuous monitoring of various pathological conditions and interventions.
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APPENDIX: GLOSSARY
Terms

Descriptions

APD

Avalanche Photodiode

AUC

Area Under the-receiver-operating-characteristic Curve

ASL-MRI Arterial Spin Labeling Magnetic Resonance Imaging
BFI

Blood Flow Index

BMES

Biomedical Engineering Society

CBF

Cerebral Blood Flow

CCA

Common Carotid Artery

CCD

Charge-Coupled Device

CI

Confidence Interval

CMOS

Complementary Metal–Oxide–Semiconductor

CT

Computer Tomography

DCS

Diffuse Correlation Spectroscopy

DCT

Diffuse Correlation Tomography

DOT

Diffuse Optical Tomography

DSCA

Diffuse Speckle Contrast Analysis

DSCF

Diffuse Speckle Contrast Flowmeter

EMCCD

Electron Multiplying Charge-Coupled Device

ES

Effect Size

FEM

Finite Element Method

FOV

Field of View

GPU

Graphics Processing Units

GUI

Graphical User Interface

HSI

Hyperspectral Imaging

IACUC

Institutional Animal Care and Use Committee

ICG

Indocyanine Green

IRB

Institutional Review Board

LDF

Laser Doppler Flowmetry

LED

Light-Emitting Diode

LSCI

Laser Speckle Contrast Imaging

MCAO

Middle Cerebral Artery Occlusion

MRI

Magnetic Resonance Imaging

MSFN

Mastectomy Skin Flap Necrosis

MSI

Multispectral Imaging

ncDCS

Noncontact Diffuse Correction Spectroscopy

ncDCT

Noncontact Diffuse Correction Tomography

NICU

Neonatal Intensive Care Unit

NIR

Near-Infrared

NIRFAST Near Infrared Fluorescence and Spectral Tomography
NIRS

Near-Infrared Spectroscopy

OCT

Optical Coherence Tomography

OD

Optical Density

PCT

Perfusion computed tomography

PET

Positron Emission Tomography

PST

Photometric Stereo Technique

RBC

Red Blood Cell

rBF

Relative Change of Blood Flow

rCBF

Relative Change of Cerebral Blood Flow

ROI

Region of Interest

scDCT

Speckle Contrast Diffuse Correlation Tomography

sCMOS

Scientific Complementary Metal–Oxide–Semiconductor

SCOT

Speckle Contrast Optical Tomography

S-D

Source-Detector

SFDI

Spatial Frequency Domain Imaging

SNR

Signal to Noise Ratio

SPECT

Single-Photon Emission Computed Tomography

StO2

Blood Oxygen Saturation
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UK

University of Kentucky

VTK

Visualization Toolkit

XeCT

Xenon-enhanced Computed Tomography
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